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A  DISCISSION  OK  PYROTECHNIC  SHOCK  CRITERIA 
M.  B.  McGrath 

Mai  tin  Marietta  Corporation 
Denver,  Colorado 


Tills  paper  presents  and  discusses  a  set  of  criteria  for  predicting 
pyrotechnic  shock  environments.  The  spectra  to  be  expected  near  the 
source  are  presented  for  a  variety  of  pyrotechnic  devices,  along 
with  a  set  of  attenuation  curves  for  various  types  of  aerospace 
structures. 


INTRODUCTION 


In  recent  years,  pyrotechnic  devices  have 
been  used  extensively  in  the  aerospace  industry. 
These  devices  include  linear  shaped  charges, 
explosive  bolts,  separation  nuts  and  bolts, 
and  cartridge-actuated  devices  such  as  pin- 
pullers  and  bolt  cutters.  The  environments 
producted  by  these  pyrotechnics  can  cause 
damage  and/or  failure  to  equipment  and  struc¬ 
ture.  As  a  result,  the  technology  to  evaluate 
these  environments  is  currently  being  devel¬ 
oped. 

Today  the  state-of-the-art  of  this  tech¬ 
nology  is  limited  mainly  to  testing  techniques, 
both  to  predict  the  environment  and  to  qualify 
equipment  to  the  predicted  environment.  Cur¬ 
rent  testing  techniques  utilize  a  variety  of 
simple  and  complex  shock  pulse  generators  and 
simulated  or  prototype  hardware.  The  litera¬ 
ture  depicts  many  testing  methods;  and,  once 
an  environment  has  been  established,  a  reason¬ 
able  test  can  be  produced.  The  method  of  pre¬ 
dicting  the  shock  environment  makes  use  of 
available  test  data  to  empirically  establish 
the  environment. 

A  recently  completed  NASA  contract  with 
Goddard  Space  Flight  Center  involved  the 
compilation  and  analysis  of  pyrotechnic  shock 
data  collected  from  the  aerospace  industry. 

The  data  are  in  the  form  of  acceleration  time 
histories  and  their  related  shock  spectra  for 
a  wide  variety  of  pyrotechnic  devices  and 
aerospace  structures.  A  summary  of  the  total 
program  was  presented  in  a  paper  by  K.  P.  Radar 
and  K.  K.  Bangs  entitled  "A  Summary  of  Pyro¬ 
technic  Shock  in  the  Aerospace  Industry”  dur¬ 
ing  the  41st  Shock  and  Vibration  Symposium. 

One  aspect  of  tiiis  contract  involved  using  the 
data  to  develop  criteria  for  predicting  pyro¬ 
technic  shock  environi  ents .  The  criteria  are 
presented  as  a  set  of  ource  shock  spectra  for 
a  variety  of  pvroteclmi  devices  and  as  a  set 
of  attenuation  curves  for  various  types  of 
aerospace  structures. 


This  paper  presents  and  discusses  these 
criteria.  The  types  of  pyrotechnic  devices 
commonly  used  and  the  spectra  to  be  expected 
near  the  source  for  each  device  are  described. 
The  order  of  severity  of  the  various  devices 
is  presented  and  a  set  of  attenuation  curves  is 
given  for  a  variety  of  aerospace  structures. 

And  finally,  an  attenuation  curve  for  a  con¬ 
stant  velocity  line  is  presented  and  dis¬ 
cussed. 


DATA  SOURCE 

The  principal  purpose  of  Contract  NAS5- 
15208  with  Goddard  Space  Flight  Center  was  to 
compile  and  analyze  pyrotechnic  shock  data 
from  the  aerospace  industry  to  provide  a 
single  reference  for  shock  data  and  to  develop 
an  understanding  of  the  parameters  involved. 

A  total  of  2837  measurements  were  compiled, 
reduced,  and  presented  in  four  data  volumes 
[1J.  A  separate  volume  describes  the  work  ac¬ 
complished  and  summarizes  tne  analyses.  A 
sixth  volume  contains  guidelines  defining  the 
design  information  applicable  to  structure  and 
equipment  subjected  to  a  pyrotechnic  shock  en¬ 
vironment  . 

The  guidelines  include  empirical  curves 
obtained  from  the  data  for  various  types  of 
explosive  devices  and  for  a  variety  of  aero¬ 
space  structures.  The  empirical  curves  are  not 
to  be  considered  a  statistica.1  estimate  but  do 
suggest  a  representative  sample  from  a  limited 
nu..oer  of  tests.  iiie  guidelines  can  be  used 
most  effectively  in  conjunction  witn  tne  re¬ 
maining  five  volumes  of  Ref.  11],  wnore  each 
individual  test  is  ue scribed  and  tne  test  data 
are  presented. 
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SHOCK  SPKC1RLM  U1AKAUERISTU.S 

In  a  normal  pyrotechnic  shock  test  program, 
the  time  histories  ol  acceleration  at  a  number 
ol  locations  are  measured  and  recorded,  ile- 
cau  .c  *  1  •  signature  ol  the  time  history  Is 
quit,  complex  due  to  the  nature  of  the  shock 
and  the  intervening  structure,  the  frequency 
contwBjC  is  not  immediately  obvious.  Therefore, 
spectral '.analyses  are  performed  to  obtain  the 
frequency  information.  An  acceleration  shock 
spectrum  is  a  plot  of  the  maximum  response  ac¬ 
celeration  of  a  single-degree-of-f reedom  oscil¬ 
lator  versus  the  resonant  frequency  of  the 
oscillator,  where  base  excitation  of  the  oscil¬ 
lator  is  assumed.  A  shock  spectrum  displays 
both  amplitude  and  frequency  information  char¬ 
acteristic  of  the  time  history,  a  concept  used 
extensively  In  the  aerospace  industry  to  spec¬ 
ify  shock  environments. 

Near  the  explosive  source  the  acceleration 
shock  spectrum  is  characterized  by  a  high- 
amplitude  curve  that  peaks  in  the  high-fre¬ 
quency  range,  usually  well  above  1000  Hz.  In 
the  low-frequency  range,  a  snock  spectrum  shows 
a  definite  tendency  of  a  constant  velocity 
line,  which  on  a  logarithmic  plot  of  the  ac¬ 
celeration  shock  spectrum  has  a  numerical  slope 
of  one. 

As  the  shock  pulse  propagates  through  the 
structure,  the  acceleration  amplitude  is  at¬ 
tenuated.  This  attenuation  is  directly  pro¬ 
portional  to  the  distance  from  the  source  as 
measured  alcng  the  shock  path.  However,  the 
amplitude  attenuation  is  a  function  of  fre¬ 
quency,  and  the  high-frequency  range  attenuates 
more  rapidly  than  the  low.  An  example  of  this 
characteristic  can  be  seen  in  Fig.  1,  which 
shows  two  spectra,  one  measured  near  the  shock 
source  and  the  second  more  than  100  in.  from 
the  source.  The  high-frequency  amplitude  can 
attenuate  from  one  to  two  orders  of  magnitude 
in  100  in.,  while  the  low-frequency  amplitude 
usually  attenuates  less  than  an  order  of  magni¬ 
tude. 

The  effect  of  different  attenuation  rates 
can  be  accounted  for  by  determining  two  param¬ 
eters:  the  attenuation  rates  of  the  peak  ac¬ 
celeration  and  of  a  constant  velocity  line  in 
the  low-frequency  range.  However,  the  constant 
velocity  line  can  be  difficult  to  estimate  from 
a  spectrum  because  of  resonant  acceleration 
peaks  due  to  the  response  of  the  local  struc¬ 
ture. 

SPECTRUM  DETERMINATION 

A  shock  spectrum  is  used  primarily  for 
specifying  equipment  qualification  levels. 

These  levels  can  be  obtained  from  a  full-scale 
test  of  the  actual  structure,  but  a  full-stale 
test  is  not  always  possible.  A  preliminary 
estimate  of  a  spectrum  can  be  obtained  from 
the  expected  level  of  the  explosive  device  at 
the  source  by  using  empirical  attenuation 
curves.  Tiie  information  for  estimating  the 


spectrum  level  is  given  in  the  following  sec¬ 
tions.  These  guidelines  are  s  ..*lctly  empirical 
and  are  not  intended  to  represent  all  applica¬ 
tions.  Best  results  can  be  obtai  ed  by  using 
these  curves  and  referring  to  the  data  in  Ref. 
111. 


Fig.  1  -  Shock  spectra  at  source  and  satellite 
location 

SOURCE  SPECTRA 


The  following  pyrotechnic  devices  are  used 
in  the  aerospace  industry  to  affect  flight 
events.  The  devices  are  listed  in  their  esti¬ 
mated  order  of  severity. 

1.  Linear  charges  (mild  detonating  fuse 
and  flexible  linear  shaped  charge); 

2.  Separation  nuts  and  explosive  bolts; 

3.  Pin-pullers  and  pin  pushers; 

4.  Bolt-cutters,  pin-cutters,  and  cable- 
cutters. 

Absolute  acceleration  shock  spectra  for  these 
four  devices  are  discussed  below  and  presented 
in  Figs.  2  through  3.  The  suggested  environ¬ 
ments  are  based  on  data  measured  within  10  in. 
of  the  explosive  source,  and  the  shock  spec¬ 
trum  analyses  are  presented  for  a  damping 
factor  of  32,  i.e.,  an  amplification  factor 
(Q)  of  10.  These  curves  represent  an  en¬ 
velope  of  a  few  measurements  and  cannot  be 
considered  a  statistical  estimate. 
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TABLE  1 

List  of  Structures  for  Attenuation  Curves 


Linear  exclusive  pyrotechnic  devices  are 
usuallv  used  in  separation  joints.  The  level 
of  tile  envltonrent  proauced  ov  such  a  joint 
separation  depends  on  the  thickness  of  the 
mateiial  cut  and  the  sice  ol  the  explosive 
charge.  The  level  of  the  spectrur  increases 
with  an  increase  of  eitiier  of  these  parameters . 
'■'igure  d  presents  the  suggested  environment 
produced  by  separation  joints  for  several  com¬ 
binations  of  joint  thickness  and  charge  sice. 
Also  included  is  the  environment  for  a  bellows 
assembly,  a  sepaiatlcn  device  designed  to 
lower  the  shock  level. 

ihe  acceleration  time  histories  character¬ 
istic  of  linear  explosive  devices  have  an  ef¬ 
fective  duration  of  approximately  3  msec. 

Separation  Nuts  and  Explosive  Bolts 

Figure  3  presents  the  suggested  shock  en¬ 
vironments  produced  by  the  detonation  of  a 
separation  nut  or  explosive  bolt.  Two  levels 
are  snowu:  one  for  the  device  alone  and  one 
for  a  V-band  assembly  employing  separation  nuts 
or  explosive  bolts. 
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Because  these  curves  are  generated  from 
limited  data  for  each  type  of  structure,  they 
are  to  be  used  with  discretion;  since  struc¬ 
tures  vary  so  greatly,  the  levels  predicted  by 
these  curves  can  be  in  error.  Consequently, 
we  recommend  that  the  shock  levels  be  confirmed 
by  a  full-scale  verification  test  on  the 
flignt-conf igured  hardware. 

CONSTANT  VELOCITY  ATTENl AT ION 


The  acceleration  time  histories  near  the 
shock  source  characteristically  decay  in  about 
3  msec  due  to  the  presence  of  high-frequencies. 


Pin-Pullers  and  Pin  Pushers 

Figure  A  presents  the  suggested  shock  en¬ 
vironments  produced  by  the  detonation  of  pin¬ 
pulling  and  pin  pushing  pyrotechnic  devices. 

The  acceleration-time  histories  character¬ 
istic  of  pin-pullers  have  an  effective  dura¬ 
tion  of  5  to  15  msec,  while  the  pin-pusher  is 
a  softer,  lower-frequency  device  that  may  nave 
an  effective  duration  of  up  to  50  msec. 


Bolt-,  Pin-,  and  Cable-Cutters 

Figure  5  presents  the  suggested  environ¬ 
ments  produced  by  the  detonation  of  bolt-, 
pin-,  and  cable-cutting  devices. 

ATTENUATION  CURVES 

This  section  contains  attenuation  curves 
for  the  various  types  of  structures  listed  in 
Table  1.  These  curves  relate  the  predicted 
attenuation  of  the  peak  acceleration  level  of 
a  shock  spectrum  to  the  distance  from  the  shock 
source.  These  curves  are  normalized  to  a  factor 
of  one  at  the  source  and  are  to  be  used  with  the 
spectra  curves  given  for  the  shock  sources 
above.  The  normalization  measurements  are  as¬ 
sumed  to  be  5  in.  from  the  source. 


As  shown  in  Fig.  1,  low-frequency  accelera¬ 
tions  attenuate  with  distance  less  rapidly  than 
those  at  high  frequencies.  One  way  to  account 
for  this  effect  is  to  specify  the  attenuation 
of  a  constant  velocity  line  with  distance.  A 
shock  spectrum  for  a  location  removed  from  the 
source  can  then  be  predicted  by  specifying  the 
two  attenuated  parameters  —  the  acceleration 
peak  and  a  constant  velocity  line. 
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Fig,  6  -  Attenuation  for  cylindrical  shell 
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Attenuation  for  longeron  or  stringer 
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Fig.  8  -  Attenuation  for  ring  frame 


Fig.  9  -  Attenuation  for  primary  truss 


Fig.  !0  -  Attenu.it ion  for  complex  airframe 


Fig.  11  -  Attenuation  for  equipment  mounting 
structure 


Fig.  12  -  Attenuation  for  honeycomb 


Volume  one  of  Ref.  (1)  discusses  the  con¬ 
stant  velocity  concept  and  presents  attenuation 
curves  for  this  parameter  taken  from  data  on  a 
truss  structure.  A  composite  of  these  curves 
is  presented  in  Fig.  13,  where  the  attenuation 
curve  is  normalized  to  a  factor  of  one.  Notice 
that  the  cur”e  becomes  flat,  reflecting  the 
fact  tnat  tne  constant  velocit.'  reduces  to  i 
certain  level  and  stops.  The  constant  velocity 
line  is  sometimes  difficult  to  observe  on 


spectra  for  locations  far  removed  from  the 
source  since  resonant  peaks  will  appear  in  the 
low-frequency  range  of  the  spectrum,  as  in  Fig. 
1.  It  must  be  emphasized  that  this  curve  is 
obtained  from  limited  data  and  also  that  the 
concept  of  a  constant  velocity  line  is  not  well 
established.  Two  recent  articles  discuss  this 
concept  in  detail  [2,  3]  and  relate  it  to  dam¬ 
age  potential.  The  curve  in  Fig.  13  is  pre¬ 
sented  to  account  for  the  difference  in  atten¬ 
uation  rates  over  the  frequency  range  of  the 
spectra.  Hopefully,  the  concept  of  constant 
velocity  as  applied  to  the  shock  spectra  of 
complex  time  histories  will  be  studied  in  more 
detail  in  the  future. 


Fig.  13  -  Attenuation  for  constant  velocity 
line 

DISCUSSION 

results  presented  in  this  paper  repre¬ 
sent  an  attempt  to  provide  design  criteria  for 
pyrotechnic  shock.  The  results  are  empirical 
and,  due  to  the  large  variations  among  struc¬ 
tural  configurations,  do  not  provide  all  the 
answers.  The  curves  must  be  used  with  caution. 

The  subject  of  constant  velocity ' lines  is 
currently  being  studied  in  the  Industry,  and 
there  is  strong  evidence  of  its  relationship  to 
damage  potential.  In  this  paper  the  attenu¬ 
ation  of  this  line  is  used  to  account  for  the 
variation  in  acceleration  with  frequency.  The 
data  used  to  predict  this  attenuation  cu^ve  are 
limited,  and  the  entire  subject  of  a  constant 
velocity  line  needs  a  great  deal  of  attention. 


6 


ACKNOWLEDGEMENTS 

The  work  on  which  this  paper  Is  based  has 
been  sponsored  by  Che  National  Aeronautics  and 
Space  Administration's  Goddard  Space  Flight 
Center  under  Contract  NASi>-15208.  The  con¬ 
tributors  are  too  numerous  to  mention  here, 
but  are  listed  in  the  acknowledgements  of  kef. 

II]. 


REFERENCES 

1.  W.  J.  Kacena,  M.  B.  McGrath,  and  W.  P. 
Radar,  "Aerospace  Systems  Pyrotechnic  Shock 
Data,  Ground  Test  and  Flight,"  Martin  Mari¬ 
etta  Corporation  Report  MCR-69-611,  March 
?,  1970. 

2.  W.  li.  Roberts,  "Explosive  Shock,"  Shock  and 
Vibration  Bulletin,  No.  40,  Part  2,  Dec. 
1969. 

3.  H.  A.  Gaberson  and  R.  li.  Chalmers,  "Modal 
Velocity  as  a  Criterion  of  Shock  Severity," 
Shock  and  Vibration  Bulletin,  No.  40,  Part 
2,  Dec.  1969. 


DISCUSSION 


Mr.  Schell  (Shock  Vibration  Information  Conte  r(:- 
I  am  mizzled  on  the  modifications  to  the  original 
spectrum.  You  reduced  both  the  peak  acceleration 
and  the  velocity  according  to  criteria  determined 
from  the  data.  I  thought  that  I  saw  also,  in  some  of 
the  graphs,  an  attenuation  of  the  high  frequency  con¬ 
tent  that  differed  from  plain  peak  reduction.  In 
other  words,  you  were  taking  into  account  the  fact 
that  the  high  frequencies  attenuate  more  rapidly 
than  the  low  frequencies,  is  that  right? 


Mr,  McGrath:  This  is  what  we  arc  trying  to 
account  for.  It  is  a  very  complex  phenomenon.  The 
high  frequencies  attenuate  at  different  rates  through¬ 
out  the  range.  We  are  trying  to  account  for  this  by 
a  simple  and  empirical  method.  Let  me  also  empha¬ 
size  that  the  information  we  presented  was  envelopes 
taken  from  quite  a  bit  of  data.  We  take  data,  envelope 
it  with  one  curve,  and  then  use  that  curve  as  the 
attenuation  curve.  So  we  are  trying  to  account  for  a 
rather  complex  situation  with  two  simple  parameters. 
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Pyrotechnic  shock  data  have  been  obtained  from  a  survey  of  the  aerospace  industry 
and  government  agencies.  Over  2800  measurements  from  30  contributors  have  been  com¬ 
piled  and  categorized  according  to  type  of  pyrotechnic  device  and  str<  oture.  These 
data  were  analyzed  to  provide  a  reference  document  and  establish  guidelines  for  de¬ 
signing  and  testing  to  the  pyrotechnic  shock  environment. 

This  paper  presents  a  summary  of  the  total  program  and  a  discussion  of  pyrotechnic 
test  simulation  techniques.  Further  results  from  the  study,  including  guidelines 
for  design  and  for  predicting  shock  environments,  are  presented  in  a  paper  by 
Dr.  Michael  B.  McGrath,  entitled  "A  Discussion  of  Pyrotechnic  Shock  Criteria"  during 
the  4iat  Shock  and  Vibration  Symposium. 


INTRODUCTION 

Pyrotechnic  shock  is  perhaps  the  least  un¬ 
derstood  of  the  dynamic  environments  associated 
with  the  operation  of  aerospace  vehicles  and 
components.  To  date,  the  problem  of  predicting 
or  even  adequately  explaining  pyrotechnic  shock 
has  defied  solution  by  rigorous  mathematical 
treatments.  Prediction  of  the  environment  and 
testing  techniques  are  currently  based  primar¬ 
ily  on  empirical  methods.  Recent  observations 
showed  that  reliable  data  were  widely  scattered 
among  many  companies  and  agencies,  and  that 
testing  technology  was  not  openly  discussed  be¬ 
tween  organizations.  Therefore,  the  Goddard 
Space  Flight  Center,  recognizing  that  a  large 
amount  of  data  existed  in  the  industry,  spon¬ 
sored  a  program  to  collect  and  categorize  these 
data  and  establish  guidelines  for  designing 
structure  and  equipment  to  the  pyrotechnic 
shock  environment.  The  study  was  performed  by 
the  Martin  Marietta  Corporation  under  Contracts 
NAS5-15208  and  NAS5-21241. 

The  specific  tasks  performed  in  the  course 
of  the  program  were: 

A.  Compilation  of  "reduced"  pyrotechnic 
shock  data  representative  of  aerospace 
systems. 

B.  Definition  of  distinctive  characteris¬ 
tics  of  pyrotechnic  shock  transients. 


C.  Evaluation  of  the  "quality"  of  typi¬ 
cally  available  pyrotechnic  shock  data. 

D.  Recommendation  of  measurement  systems 
for  ground  test  and  flight. 

E.  Preparation  of  guidelines  defining 
design  information  applicable  to 
structure  and  equipment  design. 

F.  Recommendation  of  test  simulation 
techniques. 

G.  Classification  of  pyrotechnic  systems 
according  to  the  nature  of  resulting 
shock  and  damaging  effects. 

H.  Evaluation  of  effects  of  structural 
configurations  and  materials  on  re¬ 
sulting  shock  characteristics. 

I.  Formulation  of  a  follow-on  research 
program. 

J.  Application  of  shock  propagation  the¬ 
ory  to  at  least  one  class  of  pyrotech¬ 
nic  systems  compiled  in  task  r  and 
comparison  of  results  with  measured 
data. 

K.  Performance  of  a  ground  test  program 
using  full  scale  Titan  III  structure 
to  provide  specific  information  that 
will  aid  in  the  understanding  of  basic 
pyrotechnic  shock  transient  phenomena. 
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!.  l-ivfii  in.it  ion  of  uto  effects  of  muss 
'!>  the  pvrolechnic  shock  en- 
v  1  !  nitment . 

\  •  oi..plete  dosci lpt i»n  ol  each  of  these 
casks  .mo  tin-  lesults  have  been  published  In  a 
si.v  valuer  leper  t  [1).  litis,  paper  presents  a 
brief  de'tiiplion  of  results  of  selected  tasks 
witn  empuasis  on  lest  simulation  ol  pyrotechnic 
sho»  k . 

a.UV  lOMHIAUON  AND  LAI U.0R1ZAT ION 

over  2S00  pyrotechnic  shock  measurements 
were  compiled  and  categorized  according  to  the 
t\’P“  of  device  and  type  of  structure  through 
which  the  shocks  propagated  as  listed  In  table 
1.  rnch  measurement  is  presented  In  MCR-69- 
oll  [1!  showing  the  acceleration  time  history, 
the  shock  spectrum  (using  a  standard  format 
with  an  analysis  Q  of  10  for  most  cases)  ana  a 
drawing  showing  structural  configuration  In¬ 
cluding  the  locations  of  tne  pyrotechnic  device 
and  the  transducers. 


table  1.  Outline  of  Data  Classification 


A. 

Structure  cutting  ciiarges  (mild  detonating 
fuse,  flexible  linear  shaped  charge, 
primachord,  etc.) 

1. 

Skin-ring-frame  structure 

» 

Truss  structure 

3. 

Other  structure 

d. 

Explosive  nuts  and  bolts 

1. 

Skln-rlng-frame  structure 

2. 

Truss  structure 

3. 

Other  structure 

C. 

Cartridge  actuated  devices  (pin  pullers, 
bolt  cutters,  cable  cutters,  etc.) 

1. 

Skin-ring-frame  structure 

2. 

Truss  structure 

3. 

Other  structure 

1>. 

Space  Vehicle  test  data 

h. 

Flight  measurements 

Is  rapidly  attenuated,  and  structural  reso¬ 
nances  begin  to  control  the  shock  spectrum. 

The  effect  is  illustrated  by  the  shock  spectra 
in  Fig.  1.  It  should  be  recognized  that  accel¬ 
erometer  Installations  can  seriously  Influence 
the  measured  data,  particularly  at  locations 
near  the  shock  source.  The  effect  on  trans¬ 
ducer  resonance  frequency  of  several  mounting 
Installations  has  been  investigated  by  Rasanen 
[21.  This  work  Indicated  that  the  U9e  of  alu¬ 
minum  blocks  for  accelerometer  Installations 
could  lower  the  mounted  resonance  frequency  by 
a  factor  of  2  to  3  from  the  transducer  reso¬ 
nance  specified  by  the  manufacturer. 


Fig,  1  -  Comparison  of  shock  spectra  at  various 
propagation  distances 


CHARACTERISTICS  OF  PYROTECHNIC  SHOCK  TRANSIENTS 

The  compiled  pyrotechnic  shock  d_.ta  were 
used  tc  determine  distinctive  characteristics 
of  the  shock  transients  including  pi  rpagation 
velocity,  frequency  content,  and  attenuation 
of  amplitude  with  distance. 

The  propagation  velocity  was  nv.13  ‘red  for 
several  different  structures.  Velc-.i'vs  cor¬ 
responding  to  both  compressional  and  snaar 
waves  were  found  to  exist  In  the  measured  data. 
Near  the  shock  source,  the  acceleration  time 
histories  are  characterized  by  high  amplitude, 
high  frequency  complex  waves.  As  the  distance 
between  the  shock  soucce  and  the  measurement 
location  Increases,  the  high  frequency  energy 


DAMAGE  EFFECTS 

Information  concerning  damage  effects  re¬ 
lated  to  shock  amplitude  is  extremely  limited 
because  of  lack  of  documented  failure  histo¬ 
ries,  One  of  the  perplexing  aspects  of  this 
study  was  that  in  spite  of  the  magnitude  of 
the  survey  and  the  response  in  contribution  of 
data,  only  29  miscellaneous  anomalies  and  17 
cases  of  relay  chatter  were  reported.  As  a 
result,  methods  for  relating  pyrotechnic  shock 
damage  potential  with  structure  and  equipment 
fragility  levels  do  not  exist,  although  some 
preliminary  information  indicates  shock  veloc¬ 
ity  may  be  a  significant  parameter. 
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Generally,  structural  failures  are  confined 
to  small  fittings,  brackets,  bonds,  and  elec¬ 
trical  connectors  to  small  components  such  as 
diodes  and  transistors.  Most  damage  effects 
are  seen  in  equipment  malfunction  such  as  chat¬ 
ter  or  transfer  of  relays  and  switches,  fre¬ 
quency  shift  in  subcarrier  oscillators,  and 
transients  induced  in  signal  outputs.  Usually, 
the  design  deficiency  or  workmanship  problem 
is  quite  simple  to  correct.  This  character¬ 
istic  may  make  the  anomalies  appear  insignifi¬ 
cant,  especially  in  the  development  phase,  and 
may  partially  explain  the  small  number  of  re¬ 
ported  problems. 

TK.ST  SIMULATION 

The  test  firing  of  pyrotechnic  systems  may 
be  performed  for  many  reasons.  For  those  in¬ 
terested  in  the  shock  environment,  the  pyro¬ 
technic  firing  may  be  used  as  an  equipment 
qualification  test  or  may  be  the  source  of  data 
from  which  Individual  equipment  shock  specifi¬ 
cations  may  be  derived.  Individual  equipment 
test  specifications  are  implemented  using  a 
variety  of  simulatior  techniques,  including 
conventional  shock  machines  based  on  pulse 
shape  reproduction,  electrodynamic  shakers  con¬ 
trolled  by  synthesis/analysis  hardware,  and,  to 
a  lesser  degree,  airframe  type  test  beds  ex¬ 
cited  by  explosive  charges. 

Full-scale  qualification  and  flight  accept¬ 
ance  tests  of  many  NASA  spacecraft  are  per¬ 
formed  by  detonation  of  the  actual  pyroteciinic 
devices  in  an  Installation  incorporating  actual 
structure.  A  margin  of  safety  in  number  of 
stresses  applied  can  be  obtained  by  simply  re¬ 
peating  the  events  as  many  times  as  desired. 
However,  a  margin  of  safety  in  shock  amplitude 
is  not  achieved  and,  furthermore,  repetition  of 
some  events,  such  as  shroud  separation,  can  be 
extremely  expensive. 

A  ground  test  program  was  conducted  to  gain 
some  insight  into  the  degree  of  structural  sim¬ 
ulation  required  for  full  scale  tests  and  to 
determine  whether  or  not  one  could  achieve  a 
margin  of  safety  by  proper  Installation  of  the 
test  hardware. 

A  test  series  was  conducted  on  the  following 
configurations : 

A.  Payload  truss  attached  to  Titan  IIIC 
Transtage  Skirt  (Baseline  Configura¬ 
tion)  ; 

B.  Payload  truss  freely  suspended; 

C.  Payload  truss  attached  to  rigid  support 
fixture; 

1).  Payload  truss  attached  to  channel  adap¬ 
ters  (Adapters  were  designed  to  simulate 
the  longitjdinal  stiffness  of  the  pay- 
load  skirt) . 


Photographs  of  the  four  canfigur.it ions  are  shown 
in  Fig.  2-5.  Accelerometer  locations  on  the 
payload  truss  are  shown  in  Fig.  6.  I.xamples  of 
the  average  shock  spectra  outlined  at  locations 
7  and  8  (satellite  mounting  points)  tor  the  four 
different  configurations  are  shown  in  Fig.  7  and 
8.  Comparison  ol  these  data  indie  ales  that  the 
use  of  the  simple  channel  adapters  to  simulate 
the  transtage  skirt  structure  would  provide  a 
reasonable,  conservative  test  of  the  satellite, 
the  results,  although  inconclusive,  are  encour¬ 
aging  because  they  indicate  that  it  uav  not  be 
necessary  to  alwavs  include  an  expensive,  >  or,- 
plex  structure  in  full  scale  testing. 


Fig.  2  -  Test  configuration  I  -  payload 


truss  installed  on  transtage 
skirt 


Fig.  3  -  Test  configuration  11  -  pavlond 
truss  freely  suspended 
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Fig.  4  -  Test  configuration  III  -  payload  truss 
attached  to  rigid  support  fixture 
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f.g.  5  -  Test  configuration  IV  -  payload  trus3  Fig.  7  -  Shock  spectra  comparison  for  configu- 

attached  to  channel  adapters  rations  at  location  7,  longitudinal  axis 
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Fig.  8  -  Shock  spectra  comparison  for  test  con¬ 
figurations  at  location  8,  longitudinal 
axis 


MASS  LOADING  EFFECTS 

A  test  and  analysis  program  was  conducted 
to  determine  the  effect  of  weight  variations  in 
mounted  subassemblies  on  the  pyrotechnic  shock 
environment.  The  effect,  for  both  single  and 
distributed  mass  loading,  was  evaluated  at  the 
interface  of  the  subassembly  and  the  mounting 
structure  for  two  types  of  structures: 

A.  Airframe,  skin  and  stringer  construc¬ 
tion; 

B.  Truss  structure. 

Final  results  of  this  study  are  not  complete. 
However,  preliminary  results  from  the  single 
mass  loading  tests  are  presented. 

A  full  scale  skirt  and  truss  structure  was 
used  as  the  test  fixture.  Prototype  components 
were  Installed  on  the  airframe  and  on  the  truss 
as  shown  in  Fig.  9  and  high  frequency  acceler¬ 
ometers  were  installed  in  a  triaxial  configura¬ 
tion  at  component  mounting  points.  Changes  in 
weights  of  the  two  components  were  accomplished 
by  the  addition  of  small  steel  plates  distrib¬ 
uted  throughout  the  equipment  chassis  (Fig.  10) 
to  simulate  electronic  modules.  A  summary  of 
the  weight  configurations  tested  is  given  in 
Table  2. 


Fig.  9  -  Locations  of  equipment  installations 
and  shock  source 


Fig.  10  -  Component  A  showing  installation  of 


Weight 


Table  2  Weight  Configurations 


Component  Weight  (lb) 

Component  A 
Airframe 
Mounted 

Component  T 
Truss 
Mounted 

Bare  Structure* 

0 

0 

Configuration  1 

11.5 

10.0 

Configuration  2 

23.0 

20.0 

Configuration  3 

46.0 

40.0 

*Note:  The  total  weight  of  the  truss  and 
skirt  was  485  lb. 

The  pyrotechnic  shock  source  consisted  of 
a  blasting  cap  and  SO  grains  of  RDX  explosive 
contained  in  a  small  plastic  vial.  The  vial 
was  inserted  in  a  steel  receptacle  bolted  to  a 
longeron.  This  relatively  inexpensive  device 
produced  excellent  repeatability  and  provided 
an  adequate  simulation  of  typical  data  from 
ordnance  devices  used  in  the  aerospace  in¬ 
dustry. 
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The  tape  recorded  shock  transients  were 
digitized  (100,000  samples/sec)  and  shock  spec¬ 
trum  analyses  were  performed.  The  shock  spec- 
Lra  were  normalized  to  a  reference  accelerom¬ 
eter  location  and  comparison  plots  made  for 
the  different  weight  configurations.  An  exam¬ 
ple  of  the  results  is  shown  in  Fig.  11. 


for  different  component  weights 


The  preliminary  results  of  this  study  in¬ 
dicate  that  the  primary  effect  on  the  shock  en¬ 
vironment  occurs  when  an  equipment  item  is  in¬ 
stalled  on  a  previously  unloaded  structure. 

For  the  structure  and  component  weights  ana¬ 
lyzed  in  this  study,  Increasing  the  component 
weight  by  a  factor  of  2  or  A  has  relatively 
little  effect  on  the  shock  environment  at  the 
mounting  point. 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  aerospace  industry  is  presently  using 
a  variety  of  testing  techniques  to  simulate  py¬ 
rotechnic  shock,  most  of  which  assume  that  du¬ 
plication  of  the  shock  spectrum  represents  an 
adequate  test.  It  is  not  clearly  understood 
which  parameters  are  related  to  damage  poten¬ 
tial.  Additional  efforts  are  needed  to  accumu¬ 
late  and  disseminate  failure  information  and  to 
est-'bllsh  standardized  methods  for  shock  test¬ 
ing,  Until  such  Information  is  available  it  is 
recommended  that  the  test  methods  used  simu¬ 
late  the  shock  wave  form  as  well  as  the  shock 
spectrum.  When  this  is  impossible,  the  next 


alternative  is  matching  the  spectrum  and  the 
general  character  of  the  wave  form;  that  la 
using  a  lrng  duration,  complex  test  for  a  long 
duration,  complex  environment. 

From  the  preliminary  results  of  this  study 
it  appears  feasible  to  use  relatively  simple 
fixtures  to  simulate  complex  airframe  structures 
in  full  scale  tests.  Additionally,  it  may  be 
possible  to  obtain  a  test  margin  of  safety  for 
full-scale  tests  through  proper  design  of  such 
fixtures.  Suggestions  have  been  made  to  vary 
the  amount  of  explosive  charge  or  the  tension  in 
separation  bolts  to  achieve  a  margin,  but  these 
techniques  have  not  been  proven. 

The  results  of  mass  loading  tests  Indicate 
that  it  is  important  to  Include  prototype  or 
"dummy"  components  in  full  scale  tests  if  the 
correct  pyrotechnic  shock  environment  is  to  be 
achieved.  However,  after  the  components  have 
been  installed  the  effect  of  weight  variations 
is  relatively  small  and  would  not  affect  an 
established  shock  test  specification.  Final  re¬ 
sults  from  the  mass  loading  effects  study  will 
be  published  in  November  1970,  as  an  addendum  to 
Ref  [1], 
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DISCUSSION 


Mr.  Zell  (Picatinnv  Arsenal):  I  think  most  of  us 
fool  that  the  shook  spectrum  is  a  pretty  useful  tool 
for  giving  a  feel  for  the  relative  severity  of  different 
shock  pulses  of  widely  different  character.  But  I 
wonder  if  perhaps  the  emphasis  on  presenting  actual 
data,  and  in  trying  to  analyze  the  data  in  terms  of 
shock  spectra  has  not  actually  created  a  clouding  or 
an  obfuscation  that  actually  complicates  analvsis.  If 
these  data  had  not  been  in  a  Fourier  spectrum  type  of 
presentation  would  not  the  effect  of  frequency  on 
attenuation,  or  the  effect  of  structural  modes  be  much 
more  easily  analyzed?  Perhaps  the  time  has  come 
when  the  shock  spectrum  should  be  used  more  as  an 
engineering  tool. 

Mr.  Rader:  If  I  understand  correctly  —  you  are 
suggesting  that  the  Fourier  spectrum  may  give  more 
basic  engineering  information  than  does  the  shock 
spectrum.  Is  that  right? 

Mr.  Zell:  Yes.  The  effects  of  frequency  on 
attenuation  and  mode  shapes  might  be  more  easily 
evaluated.  In  terms  of  analyzing  what  is  actually 
happening,  it  seems  that  by  having  the  data  in  terms 
of  a  shock  spectrum,  which  is  a  method  of  looking  at 
it  through  a  certain  type  of  colored  glasses  for  conve¬ 
nience  sake,  this  type  of  basic  analvsis  actually 
clouds  the  issue  rather  than  clarifies  it. 

Mr.  Rader:  During  the  course  of  this  program 
one  of  the  tasks  was  a  comparison  ot  Fourier  spectra 
versus  standard  shock  spectra.  The  Fourier  spectra 
gave  essentially  no  more  information  than  the  shock 
spectra  for  the  complex  waves  that  are  generated  by 
pyrotechnic  shock  devices.  This  is  not  true  for 
simple  pulses  since  the  Fourier  and  the  shock 
spectra  can  be  quite  different.  But  for  the  complex 
waves  that  one  sees  in  typical  pyrotechnic  shock  de¬ 
vices  the  Fourier  and  shock  spectra  yielded  es¬ 
sentially  the  same  information  in  our  experience. 

Mr.  Zell:  The  various  analysis  methods  for 
determining  structural  properties,  such  as  mechani¬ 
cal  impedance  and  transmissibilitv  as  a  function  of 
frequency,  cannot  lie  applied  directly  to  a  shock 
spectrum  in  data  that  is  generally  acquired  in  the 
course  of  a  development  and  test  program  on  a  par¬ 
ticular  structure. 

Mr.  Rader:  Yes.  I  think  that  is  a  good  point. 
However,  again  as  I  mentioned  in  the  introduction, 
the  definition  of.  or  even  adequately  explaining  pyro¬ 
technic  shock  analytically  has  just  not  been  possible 
to  date.  Hopefully  this  will  be  a  subject  for  future 
examination,  perhaps  the  Fourier  spectrum  mav  be 
more  useful  to  relate  to  structural  parameters. 


Mr.  Smith  (Bell  Aerospace  Corporation):  Some 
time  ago  Bill  Roberts  did  a  more  modest  study  sug¬ 
gesting  that  the  shock  spectrum  showed  an  additional 
characteristic  at  the  low  frequency  end  which  tended 
to  be  more  of  a  constant  displacement  type  of  be¬ 
havior,  and  I  noticed  that  perhaps  this  was  present 
in  some  of  your  curves.  It  is  important  I  think  to 
know  where  the  constant  velocity  line  is  likely  to  be¬ 
come  inapplicable  at  the  low  frequency  end.  Do  you 
have  a  short  observation  on  that  ? 

Mr.  McGrath:  We  were  in  correspondence  with 
Bill  Roberts  and  we  lookeu  for  this  characteristic  of 
a  constant  displacement  line  at  a  very  low  frequency, 
but  quite  often  the  data  confuses  the  issue  at  very  low 
frequencies  because  of  faulty  techniques  of  obtaining 
the  spectrum.  We  found  that  the  constant  acceleration 
lines,  constant  velocity  lines,  constant  displacement, 
just  did  not  lead  to  any  definite  results  that  we  could 
see.  The  constant  velocity  lines  that  we  are  referring 
to  are  almost  a  subjective  approximation  in  the  low 
frequency  range,  which  might  go  from  approximately 
100  Hz  up  to  as  high  as  a  thousand  Hz.  This  is  what 
we  observed.  Someone  else  might  observe  some- 
(hing  else,  but  it  probably  takes  a  specific  type  of  a 
data  reduction. 

Mr.  Smith:  It  seems  to  me  that  probably  within 
all  of  these  data  there  may  be  another  important  piece 
of  data  that  is  required:  and  that  is,  "'ith  respect  to 
the  various  classifications  of  structure  and  distance 
from  the  source,  to  what  sort  of  bounds  on  the  mass 
would  you  expect  to  apply  the  acceleration  data  in 
attempting  to  apply  this  in  a  realistic  design  sense? 
Obviously  one  might  be  happy  to  apply  some  particu¬ 
lar  value  of  acceleration  to  a  2  pound  mass  under 
some  circumstance  and  never  dream  of  doing  the  same 
thing  with  a  100  pound  mass.  There  is  some  boundary 
somewhere  that  I  think  might  lx-  developable  from  all 
this  information.  If  I  want  to  use  your  curves  of 
acceleration  against  distance  from  some  source,  for 
how  large  an  item  or  how  heavy  an  item,  are  they 
applicable? 

Mr.  Rader:  The  curves  presented  by  Dr. 

McGrath  were  developed  on  a  number  of  different 
types  of  structures  including  spacecraft,  booster 
skirt  structure,  complex  truss  structures  and  the 
like.  So  we  feel  that  the  curves  are  applicable  for 
typical  aerospace  structures  as  they  exist  today.  T,te 
effect  of  mass  loading  from  the  preliminary  work 
which  was  shown  here  essentially  has  vert  little 
effect  on  the  shock  environment  as  shown  in  the  last 
slide.  Once  the  component  is  installed  on  the  struc¬ 
ture  or  on  the  truss,  this  constitutes  the  maior  effect 
on  the  shock  environment.  Changing  that  weight  bv  a 
factor  of  2  or  I  had  practically  no  i  licet  on  the  basic 
shock  spectrum. 
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MEASURES  OF  BLAST  WAVE  DAMAGE  POTENTIAL 


C.  T.  Morrow 

LTV  Research  Center,  Western  Division 
Anaheim,  California 


Shock  excitation  by  a  blast  wave  differs  m  two  respects  from 
mechanical  shock  as  known  in  conventional  shock  tests.  First, 
the  excitation  is  clearly  in  the  form  of  a  pressure  rather 
than  a  motion  (acceleration).  Second,  the  excitation  of  a 
typical  structure  is  clearly  at  multiple  points  (antinodes) 
rather  than  at  the  base  of  an  item  of  equipment,  treated  con¬ 
ventionally  as  a  single  mounting  point.  Relative  phase  is 
important.  Vet,  a  spectral  description  of  the  blast  wave  is 
desirable.  It  must  be  selected  with  these  two  considerations 
in  mind. 

The  shock  spectrum  is  conventionally  defined  ?n  terms  of  a 
physical  model  (a  simple  mechanical  resonator,  usually 
undamped)  but  can  be  considered  as  a  purely  mathematical 
operation  on  the  input  excitation.  Carried  out  on  an  input 
force  or  pressure,  it  yields  the  peak  force  in  the  spring  of 
the  simple  resonator.  This  is  also  a  criterion  of  severity. 
However,  unless  phase  information  is  added,  it  is  not  suitable 
for  describing  multiple  point  excitation.  In  high-intensity 
noise  testing,  the  phase  information  is  contained  in  the 
cross-power  spectrum. 

The  Fourier  spectrum  is  defined  entirely  in  terms  of  a  mathe¬ 
matical  operation  to  be  performed  on  acceleration,  force, 
pressure,  or  any  variable  of  interest.  It  is  expressed  as  a 
density  in  that  variable,  simply  related  to  the  generalized 
residual  shock  spectrum,  but  it  is  a  complex  number  and 
expresses  phase  information.  The  use  of  the  Fourier  spectrum 
as  a  criterion  of  severity  for  sonic  booms  and  blast  waves  is 
explored. 


INTRODUCTION 

It  is  common  to  describe  blast 
waves  by  their  peak  overpressure  and 
duration.  These  criteria  of  severity 
are  simple,  readily  obtained  from  a 
pressure-vs-time  trace  without  appre¬ 
ciable  data  processing,  and  sufficient 
to  describe  a  blast  wave  uniquely  if  its 
pulse  shape  is  known  a  priori  and  iden¬ 
tical  to  that  of  ocher  blast  waves  with 
which  it  may  be  compared.  However, 
such  criteria  are  not  directly  indica¬ 
tive  of  damage  potential  if  wave  shapes 
are  dissimilar,  as  they  may  well  be  at 
different  radii  from  a  blast  or  when 
reflections  occur. 


Consequently,  two  spectral  descrip¬ 
tions  will  be  considered — the  shock 
spectrum  11, 2, 3_ as  redefined  for  the 
purpose,  and  the  Fourier  spectrum  or 
Fourier  transform.  Of  particular  impor¬ 
tance  is  their  adaptability  to  describ¬ 
ing  force  or  pressure  inputs  as  opposed 
.o  mechanical  motion  (acceleration)  and 
to  incorporation  of  relative  phase 
information  when  a  structure  is  shock 
excited  simultaneously  at  many  points. 

THE  SHOCK  SPECTRUM 

In  mechanical  shock  technology,  the 
first  descriptions  of  severity  were  in 
terms  of  peak  acceleration,  rise  time. 
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and  effective  duration.  Application  of 
these  criteria  to  such  diverse  wave 
shapes  as  the  decaying  transients 
typical  of  field  conditions  and  the 
standard  pulses  favored  for  laboratory 
testing  frequently  resulted  in  unreal¬ 
istic  simulation.  Consequently,  there 
has  been  an  increasing  trend  toward  the 
comparison  of  seventies  in  terms  of 
spectra . 

The  shock  spectrum  was  first  con¬ 
ceived  by  Biot  i4jas  a  means  for  predict¬ 
ion  of  earthquake  damage,  was  used  for 
many  years  by  Vigness  and  his  associates 
at  the  Naval  Research  Laboratory,  and 
was  applied  by  Morrow  to  the  specifica¬ 
tion  of  equipment  shock  tests  for  the 
I CBM  program.  For  data-reduction  pur¬ 
poses,  it  is  generally  presumed  that  the 
shock  input  to  an  item  of  equipment  is 
available  as  an  acceleration-vs-time 
curve.  The  shock  spectrum  is  defined 
as  the  largest  acceleration  (in  9's)  of 
the  mass  of  a  simple  mechanical  resona¬ 
tor,  in  response  to  the  shock,  plotted 
as  a  'unction  of  the  resonance  fre¬ 
quency’  of  the  resonator,  but  is  usually 
obtained  from  the  acceleration-time 
data  by  computer  processing.  Many  engi¬ 
neers  use  it  rather  literally  as  an 
indication  of  mechanical  system  response 
for  design  purposes  and  therefore  like 
the  spectrum  to  be  obtained  in  terms  of 
a  resonator  that  has  damping  typical  of 
the  hardware  in  mind.  Such  a  viewpoint 
is  easily  extended  beyond  its  scope  of 
validity  in  dealing  with  complex 
systems,  and  the  undamped-resonator 
spectrum  is  more  fundamental.  Conse¬ 
quently,  only  the  undamped  shock  spectrum 
will  be  considered  here. 

Thus,  if  the  data  were  actually  to 
be  reduced  by  a  mechanical  resonator 
instead  of  an  electronic  computer,  the 
shock  would  be  applied  to  an  undamped 
mechanical  resonator,  and  the  largest 
positive  response  peak  of  the  mass  and 
the  largest  negative  peak  would  be 
plotted  against  the  particular  reso¬ 
nance  frequency.  Then  the  undamped 
resonator  would  be  retuned  and  the 
operation  repeated  to  yield  more  points 
until  the  two  curves  are  filled  out  in 
sufficient  detail.  If  desired,  the 
maximum  of  the  absolute  values  for  each 
frequency  could  be  determined  and  plotted 
to  yield  a  third  curve. 

The  operator  would  have  the  option 
of  restricting  his  response  observations 
to  certain  time  intervals  relative  to 
the  applied  shock.  For  example,  he 
could  confine  his  observations  to  the 
interval  in  which  the  shock  occurs  to 
obtain  what  is  known  as  the  initial 


spectrum,  or  to  the  interval  beginning 
at  the  end  of  the  shock  to  obtain  the 
residual  spectrum.  Some  authors  use  the 
word  primary,  rather  than  initial,  but 
this  implies  that  the  residual  spectrum 
is  a  secondary  measure  of  damage  poten¬ 
tial.  Much  the  reverse  is  true  when  the 
shock  is  applied  to  a  complex  mechanical 
system.  The  residual  spectrum,  while 
simpler  in  some  respects  than  the  initial, 
comes  close  to  being  a  complete  descrip¬ 
tion  of  the  shock,  except  for  phase, 
which,  for  single  point  excitation,  is 
a  secondary  factor  in  damage  potential. 

GENERALIZATIONS  OF  THE  SHOCK  SPECTRUM 

In  practice,  the  shock  spectrum  is 
obtained  today  not  by  the  clumsy  opera¬ 
tion  used  as  a  basis  for  the  definition, 
but  by  an  analog  computer  that  simulates 
the  tunable  mechanical  resonator  or  by  a 
digital  computer.  It  is  possible  to 
consider  the  shock  spectrum  not  as  the 
result  of  observations  of  a  resonating 
mass,  but  the  result  of  a  mathematical 
operation  performed  on  an  acceleration¬ 
time  signal.  It  becomes  of  interest  to 
ask  what  is  the  physical  significance 
of  the  same  mathematical  operation 
applied  to  other  than  acceleration  sig¬ 
nals.  For  example,  if  the  operation  is 
applied  to  a  shock  force  acting  on  the 
mass  in  a  simple  undamped  resonator,  it 
yields  the  peak  force  in  the  spring  as  a 
function  of  resonance  frequency.  For 
shocks  applied  in  this  general  way,  this 
is  an  acceptable  measure  of  stress  in 
the  simplified  system.  A  spectrum  ob¬ 
tained  in  this  way,  when  divided  by  the 
mass  in  appropriate  units,  yields  the 
peak  acceleration  of  the  mass. 

That  the  physical  interpretation  of 
this  particular  generalization  of  the 
shock  spectrum  is  valid  may  be  seen  from 
a  comparison  of  differential  equations. 

If  a  shock  force  F(t)  is  applied  to  a 
mass  m  attached  by  a  spring  k  to  a 
fixed  base  as  in  Fig.  1,  the  differen¬ 
tial  equation  is: 


ma  +  kx  =  F 
or 


or 

d'djvX)  +  U)akx  =  waF,  (1) 

where  a  is  the  acceleration  of  the  mass, 
x  is  the  displacement  of  the  mass  from 
its  neutral  position,  and  uu  is  2n  times 
the  resonance  frequency  in  Hz.  If,  on 
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(a)  Shock  Force  F  (b)  Shock  Acceleration  ab 

Fig.  1  Shocks  Applied  to  a  Simple  Mechanical  Resonator 


the  other  hand,  a  shock  acceleration 
ab(t)  is  applied  to  the  base,  as  in 
Fig.  lb,  the  differential  equation  is: 

ma  +  k  (x-x^  =  0 


or  by  double  differentiation,  followed 
by  transposition  of  m 


i/a 


(2) 


where  xv,  is  the  displacement  of  the  base 
as  a  function  of  time,  from  its  neutral 
position,  and  a  is  the .acceleration  of 
the  mass.  Equations  (i)  and  (2)  involve 
different  variables  but  otherwise  are 
identical  in  mathematical  form.  The 
mathematical  operation  associated  with 
taking  the  shock  spectrum  is  to  solve 
for  the  variable  on  the  left  and  maxi¬ 
mize  it,  within  specified  time  intervals, 
as  a  function  of  x  or  the  resonance  fre¬ 
quency  i/2v.  This  variable  is  the  force 
kx  in  the  spring  in  Eq.  (1)  and  the 
acceleration  a  of  the  mass  in  Eq.  (2). 
This  completes  the  proof. 


There  is  no  ambiguity  if  the 
result  of  Eq.  (1)  is  identified  as  the 
"shock  spectrum  of  the  applied  force" 
and  the  result  of  £q.  (2)  is  called 
the  "shock  spectrum  of  the  applied 
acceleration."  It  is  understood  that 
the  input  force  and  acceleration  are 
applied  to  different  places  in  the 
simplified  mechanical  system. 

What  is  the  physical  significance 
of  the  curves  obtained  when  the  mathe¬ 


matical  operation  of  the  shock  spectrum 
is  performed  on  the  pressure-time  pulse 
of  a  sonic  boom  or  blast  wave?  An  inter¬ 
pretation  could  be  given  in  terms  of  a 
Helmholtz  resonator,  but  such  devices 
are  seldom  involved  m  shock  damage. 

It  is  more  useful  to  base  the  interpre¬ 
tation  on  the  response  of  a  mechanical 
system  excited  by  the  pulse.  Airborne 
noise  and  shock  waves  tend  to  excite  a 
structure  at  its  antinodes.  If  a  single 
antinode  is  considered,  the  shock 
excitation  is  much  like  that  of  a  force 
acting  on  a  mass.  The  force  is  the 
pressure  multiplied  by  the  effective 
area  of  the  antinode,  or  by  the  area  of 
the  effective  mass  of  the  antinode.  The 
shock  spectrum  of  the  applied  pressure, 
when  multiplied  by  the  area  of  the  mass 
in  the  simplified  mechanical  system, 
yields  the  peak  force  in  the  spring.  In 
a  slightly  less  direct  way  than  in  the 
previous  cases,  this  generalization  of 
the  shock  spectrum  becomes  an  acceptable 
measure  of  damage  potential.  At  least, 
it  is  reasonable  to  infer  that  if  two 
different  pressure  pulses  are  applied  to 
the  same  mechanical  system,  the  pulse 
with  the  higher  residual  shock  spectrum 
is  more  likely  to  damage  a  mechanical 
resonator  tuned  to  that  frequency.  If 
one  spectrum  is  higher  than  the  ether 
over  all  frequencies  of  interest,  one 
can  infer  with  even  greater  confidence 
that  the  associated  pulse  is  the  more 
severe,  regardless  of  the  mechanical 
system  to  which  it  is  applied.  However, 
the  shock  spectrum  as  usually  reduced, 
provides  no  information  on  relative 
phase  of  excitations  at  two  or  more  ■ 
ant  inodes . 
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t;u:  Fourier  spectrum 


The  basic  objective  of  the  shock 
special!"  was  to  describe  possible  res¬ 
ponses  of  a  mechanical  system  to  a 
shock.  It  will  be  evident  later  that 
the  result  is  almost  a  direct  descrip¬ 
tion  of  the  input  shock  itself. 

However,  a  more  fundamental  approach 
is  to  set  out  from  the  beginning  to  des¬ 
cribe  the  input  directly.  For  periodic 
vibration  inputs,  this  is  commonly  done 
by  recording  the  various  amplitudes  and 
frequencies  that  can  be  identified  by  a 
wave  analyzer  or  by  means  of  a  Fourier 
analysis.  For  the  special  case  in 
which  the  wave  shape  repeats  itself  at 
a  fundamental  frequency,  Fourier's 
theorem  shows  that  the  vibration  is 
equivalent  to  a  series  of  sinusoids 
(called  harmonics)  at  multiples  of  the 
fundamental  frequency,  and  is  described 
by  the  amplitude  and  phase  of  each  sinu¬ 
soid.  Phase  information  is  necessary 
for  complete  reconstruction  of  the  wave 
shape.  For  single-point  excitation,  it 
is  seldom  recorded  as  it  has  no  general 
simple  relation  to  damage  potential.  A 
mechanical  system  responding  to  vibration 
excitation  shifts  the  phase  as  a  func¬ 
tion  of  frequency  in  a  complicated  way 
that  is  unpredictable  unless  the  system 
dynamics  are  known.  Consequently,  there 
is  no  reason  to  expect  one  phase  rela¬ 
tion  among  the  harmonics  to  indicate 
generally  more  or  less  damage  potential 
than  another.  At  any  one  harmonic  fre¬ 
quency,  the  response  of  a  linear  mechan¬ 
ical  system  is  proportional  to  the  input. 
The  ratio  of  the  two  amplitudes  is 
calculable  from  theory  if  the  system 
dynamics  are  known,  or  measured  as  a 
function  of  frequency,  if  they  are  not. 
Consequently,  the  spectral  description 
is  adequate  for  the  computation  of 
responses  when  this  is  desired,  or  for 
comparison  of  one  periodic  vibration 
with  another  in  respect  to  damage  poten¬ 
tial.  Fourier  analysis  is  an  entirely 
mathematical  operation,  which  needs  no 
major  reinterpretation  according  to 
whether  the  variable  processed  is  accel¬ 
eration,  force,  or  pressure. 

Extensions  of  Fourier  analysis 
permit  the  direct  description  of  shock 
inputs  and  random  excitation.  The 
Fourier  coefficients  (amplitudes  for 
the  various  harmonics)  involve  an  inte¬ 
gral  of  the  original  time  function  times 
a  trigonometric  or  exponential  function, 
over  the  fundamental  period.  If  a 
shock  is  made  to  repeat  itself  at  some 
fundamental  period,  the  resulting  time 
function  can  bo  expressed  as  a  Fourier 
series.  Then  if  the  period  is  increased 
beyond  limit,  it  should  be  possible  to 


derive  a  spectral  description  of  an 
isolated  pulse.  As  the  period  is  in¬ 
creased,  the  harmonics  become  more 
numerous  and  decrease  in  amplitude. 
However,  the  integral  that  appears  in 
each  Fourier  coefficient  is  independent 
of  the  period  provided  the  period  is 
longer  than  the  shock  duration — it  is 
exactly  equal  to  the  integral  over  that 
duration.  Consequently,  this  integral, 
known  as  the  Fourier  transform  or  Fourier 
spectrum,  which  has  the  same  value  for  an 
infinite  period  as  for  any  finite  period 
equal  to  or  greater  than  the  pulse  dura¬ 
tion,  and  has  the  units  of  a  density  in 
frequency  (g/Hz,  lb/Hz,  or  lb/in®  Hz, 
etc.,  depending  on  the  variable  used)  is 
the  spectral  description  sought. 

As  the  period  increases  beyond 
limit,  the  summation  of  harmonics,  with 
one  over  the  period  divided  out  from 
each  term,  approaches  an  integral  of  the 
Fourier  spectrum  over  all  frequencies. 
This  inverse  transform  permits  the  re¬ 
construction  of  the  wave  shape. 

DERIVATION  OF  THE  FOURIER  SPECTRUM 

This  derivation  and  its  interpreta¬ 
tion  is  accomplished  most  simply  in 
terms  of  a  complex  exponential,  once  one 
is  used  to  the  notation,  rather  than  in 
terms  of  trigonometric  functions.  A 
complex  number  is  regarded  as  a  vector 
at  a  particular  angle  to  the  axis  of 
reals,  as  in  Fig.  2,  and  expressible  in 
terms  of  magnitude  (amplitude)  and  angle, 
or  as  the  vector  sum  of  its  projections 
on  the  real  and  imaginary  axes,  which 
are  proportional  to  the  cosine  or  the 
sin'i  of  the  angle,  respectively.  Exam¬ 
ination  of  the  Taylor’s  series  for 
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exponential  and  trigonometric  functions 
discloses  a  particularly  simple  way  of 
expressing  this: 

Ae3®  =  Acos8  +  ]Asin6,  (3) 


where  e  is  the  base  of  natural  logarithms 
and  where  j  is  a  unit  vector  along  the 
imaginary  axis.  It  follows  that 


and 


cose 


e36  +  e"3® 
2 


sm6 


(4) 

(5) 


Furthermore, 

Ae36  .  Bej4=ABe3(6+#),  <6> 


If,  now,  9=2TTft,  where  f  is  ttje  fre¬ 
quency  and  t  is  the  time,  Ae39  becomes 
a  counterclockwise  rotating  vector  whot;e 
projections  are  the  cosine  and  sine 
functions.  However,  it  is  easier  than 
the  trigonometric  functions  to  manipulate 
in  a  differential  equation,  since 


d  j2”Tft 
dt  e 


j 


2'rfe 


]2nft 

f 


very  simply. 


If  $  is  interpreted  as  a  constant  angle, 
Eq.  (6)  provides  a  simple  way  of  ex¬ 
pressing  phase  shifts  as  well  as  ampli¬ 
tude  changes  that  may  be  produced  by.  a 
mechanical  system.  The  quantity  Be  3# 
may  be  determined  theoretically  or 
experimentally  as  a  function  of  fre¬ 
quency  for  transmission  between  any  two 
points  in  a  linear  mechanical  system. 

The  Fourier  series  can  be  written, 
by  application  of  Eq.  (4) ,  as 


a  (t) 


cos  (2nkfi t-0^) 


Ak  ej(2nkflt-0k) 


2 

T 


-4T-/1- 
/  *{t) 
•*-T/2 


a-j2nkfit  dt 


2 

T 


r  +T/2 
/  a(t) 
-T/2 


e-32rTfkfc 


dt 


(9) 


where  T  is  the  period  and  fk=kf,  where 
f  is  the  fundamental  frequency  or  repe¬ 
tition  rate.  The  integral,  which 
becomes  independent  of  T  for  long 
periods,  is  the  Fourier  spectrum: 


S(f)  =/  a(s)e"32nfs  ds,  (10) 


where  the  variable  t  is  replaced  by  S 
to  avoid  confusion  in  derivations  that 
might  be  undertaken  later.  Now,  if 
2Af=2/T  is  factored  out  of  each  Ck  and 
the  period  is  allowed  to  increase  beyond 
limit,  the  Fourier  series  approaches 

a  (t)  =  f  S(f)e32TTft  df.  (11) 


If  S(f)  is  known  for  an  applied  shock, 
the  response  at  any  point  within  a 
linear  mechanical  system  is  obtained  c/ 
evaluating 


ar(t)  Be3®  S(f)e32nft  df, 

where  the  complex  transmission  coeffi¬ 
cient  Be3$,  which  expresses  both  ampli¬ 
tude  change  and  phase  shift  as  a 
function  of  frequency,  is  applicable 
to  S(f)  as  a  multiplier  just  as  it 
would  be  to  an  individual  harmonic  in 
periodic  excitation.  In  other  words, 
one  multiplies  by  the  complex  trans¬ 
mission  factor  and  integrates  the 
resulting  Fourier  spectrum  with  the 
appropriate  complex  exponential  over 
the  frequency  range  of  interest. 


=  e32nkflt  (7) 

*=-n 

where 

=  Ak  e'3\  (8) 

is  a  complex  amplitude  expressing  the 
amplitude  and  phase  of  the  harmonic, 
and  it  is  readily  shown  that 


If  S(f)  and  the  transmission  charac¬ 
teristic  are  known,  in  terms  of  both 
amplitude  and  phase,  both  the  applied 
shock  and  the  response  can  be  computed. 
The  magnitude  of  S(f)  is  the  primary 
indication  of  damage  potential  for 
single-point  excitacion  and  can  be 
shown  5J  to  equal  the  residual  undamped 
shock  spectrum  divided  by  2rrf~,  Thus, 
two  concepts  that  originated  in  quite 
different  ways  turn  out  to  be  very 
similar  mathematically. 
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It  is  illuminating  to  ask  how  much 
energy  is  contained  in  a  particular 
shock.  If  a  periodic  siqnal  were 
applied  to  a  one-ohm  resistor  (acous¬ 
tic,!.,  mechanical,  or  electrical,  as 
appropriate),  the  energy  dissipated  in 
one  period  would  be 


I  =  ^  ZKT  =  3  ZK  • 

"r  ?  k=-n  k=I 


which  is  readily  shown  by  multiplying 
out  the  exponential  form  of  Fourier's 
series,  as  in  Kq.  (7),  term  by  term, 
observing  that  all  other  products 
integrate  to  zero,  and  noting  that 
Cn  =C_); .  For  a  sustained  signal,  the 
total  energy  over  all  time  would  be 
unbounded.  For  a  shock,  if  2iif=2/T  is 

factored  out  of  each  CK  and  T  is 

allowed  to  increase  beyond  limit, 

®  .<=  a> 

J  a  (*- )  dt  =  |  jp  ( f 'jzdf ,  =  |s  { f  )|adf  (12) 

whicli  is  a  form  of  Farseval’s  theorem. 
The'  square  of  the  magnitude  of  the 
Fourier  spectrum  of  a  shock  i«  there¬ 
fore  referred  to  as  the  energy  spectral 
dens i ty  and  is  finite. 

In  passing,  Kq.  (12)  suggests  a  comment 
about  the  spectral  description  of  a 
stationary  random  vibration  or  signal. 
While  the  total  energy  is  unbounded, 
the  total  power  is  finite: 


-T/2  "T  c. 

Urn  1/T  I  a~  (t)dt=Lim  VV 
T-*«  JT/ 2  n‘,”°fei 


Therefore  the  familiar  power  spectral 
density  for  a  random  signal  is  given  by 

w(f)  =  (14) 

In  any  event,  the  Fourier  transform  is 
a  fundamental  description  of  a  shock  and 
a  good  measure  of  damage  potential.  So, 
for  single-point  excitation,  is  the 
closely  related  residual  shock  spectrum. 


EFFECTS  OF  RELATIVE  TIME  DELAY  OR  PHASE 
SHIFT 

Whether  a  structure  is  excited  by 
random  noise  or  a  shock  front,  the 
excitations  at  the  various  antinodes  for 
a  particular  mode  of  vibration  or  shock 
response  are  not  necessarily  directly 

additive  in  terms  of  magnitudes.  For 
example,  two  pressures  that  push  in 
step  or  in  phase  at  adjacent  antinodes 
tend  to  nullify  each  other.  Two  pres¬ 
sures  that  are  exactly  out  of  step  or 
180  degrees  out  of  phase  and  therefore 
conform  to  the  relative  motions  of  two 
adjacent  structural  antinodes  will  be 
highly  effective  in  exciting  the  struc¬ 
ture.  In  hiah- intensity  sound  testing 
of  airframes,  it  is  becoming  evident 
that  such  considerations  can  influence 
which  modes  of  a  structure  are  excited. 
Similar  effects  should  be  expected  in 
shock-wave  excitation. 

RELATIVE  PHASE  IS  RANDOM  NOISE 

Relative  phase  is  important  in 
blast  wave  excitation  for  the  same 
reasons  that  it  is  coming  to  be 
accepted  as  important  in  high- intensity 
noise  testing.  A  brief  review  of  the 
latter  consideration  may  be  in  order. 


w1+3=»  wx  +  2wla  =  wa 

"  +  2ci3  (w^)**  +  wa 

=  wx  +  2c13  (w1wa),s  cos#X3  +  wa  (15) 
and  that  of  the  difference  by 

Wj  -.2—  Wl  -  2wi  3  +  Wa 

=  wx  -  2cx  2  (wx w3 )  ^  +  wa 
=  wx  +  2Gl3  (WjWj,)3*  cos*l3  +  wa  (16) 


where 

Wj  =  power  spectral  density  of  first 
noise; 

w3  =  power  spectral  density  of  second 
noise; 

=  correlation  density  or  real  part 
of  cross-power  spectrum, 
obtained  by  multiplying  the  two 
noises  in  the  same  frequency 
band  and  averaging  sufficiently 
in  time  to  suppress  fluctuations 
of  the  order  of  half  the  band¬ 
width; 
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L 

cia  r‘  wia  ('rfi wa )  is  the  correlation 
density  coefficient,  of  value 
between  +1  and  -lj 

0ls(f)  is  the  dominant  phase  angle,  if 
any,  between  the  two  noises  as  a 
function  of  frequency;  and 


aa  ('<-)! 2  at 


GJ3,  a  coefficient  between  zero  and 
unity,  is  the  value  if  were 
shifted  to  zero,  as  the  magnitude 
of  the  cross-power  spectrum  and 
describes  the  magnitude  of  corre¬ 
lated  noise. 

Equation  (15)  governs  the  excita¬ 
tion  of  alternate  antinodes  by  random 
noise  and  Eq.  (16)  that  of  adjacent 
antinodes  in  a  structure. 


+  2ax  (t)a?  (t) 


+  aza  (t)(  dt 


-T/2  T/2 

=1  aj  2  (t) dt  +  21  at  (t)a8  (t)dt 
/_T/2  •'-T/2 


Two  random  noises  are  considered 
to  be  at  least  partially  correlated  in 
the  neighborhood  of  a  given  frequency, 
if  any  phase  angle  dominates  because  of 
relative  time  delay  or  any  other  reason. 
Thus  cla  may  be  small  because  of  the 
particular  value  of  or  because  part 
of  one  noise  or  the  other  is  of  inde¬ 
pendent  origin,  reducing  the  value  of 
Gia.  The  sinusoids  describing  a  finite- 
duration  sample  of  one  random  noise  have 
a  random  phase  relation  to  each  other, 
but  may  have  a  simple  relation,  respec¬ 
tively,  to  the  corresponding  sinusoids 
of  the  second  random  noise,  if  the  two 
are  of  the  same  origin.  If  the  second 
is  of  independent  origin,  this  phase 
relation  too  becomes  random;  in  a 
narrow  band  containing  many  sinusoids, 
no  angle  012  is  evident,  and  Cj  a=0.  If 
only  part  of  the  noise  is  of  independent 
origin,  some  value  of  a  dominates,  and 
Gj a  is  between  zero  and  unity. 


ENERGY  SPECTRAL  DENSITY  OF  THE  SUM  OF 
TWO  SHOCK  WAVES 


T/2 

+  |  a„a(t)dt 
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-T/2 


k=-® 


k=-» 


+  a  >  ck2C-k2  ' 


k=-» 

k=-«  k=-» 


♦  i  IN’ 

k=~« 

?  2JtciT+ 


k=-® 


k=o 


*  izju1 


Within  one  shock  or  in  the  compari¬ 
son  of  two  shocks,  there  are  no  random 
phase  angles.  Nevertheless,  utilizing 
the  Fourier  spectrum  and  a  derivation 
similar  to  that  for  Parseval's  theorem, 
it  is  possible  to  set  up  equalities 
analogous  to  Eqs.  (15)  and  (16).  If 
at  (t)  and  a3 (t)  represent  two  shocks 
transmitted  to  the  same  failure  point, 
the  energy  sum  is,  from  Eq.  (7), 


=  I/HSlf  +  I T]  lCkll,lCk?l  C0S 

k=-®  k=-=e 

+ 
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If  now,  2Af=2/T  is  factored  out  of  each 
Cj^  and  each  C^, 


+  a2  { t ) |  dt 


+  2  j  |Sj  (f)|*|sa(f)|  cos  (ss,-^)  df 

+ fk  (f)|3  df. 


where  the  phase  difference  o  -o3  is 
always  a  determinate  function  of 
frequency. 


FOURIER  SPECTRUM  OF  THE  SUM  OF  TWO 
SHOCK  WAVES 

It  follows  from  Eqs.  (12),  (18), 
and  (19)  that  the  magnitude  of  the 
Fourier  spectrum  for  the  sum  or  differ¬ 
ence  of  two  shocks  is  dependent  only  on 
the  magnitudes  of  the  individual  Fourier 
spectra  and  their  phase  difference: 


For  two  shocks  not  too  widely  sepa¬ 
rated  in  time  and  transmitted  to  the  same 
failure  point,  this  is  a  satisfactory 
measure  of  severity  of  excitation. 
However,  if  one  wishes  to  compute  accu¬ 
rately  the  response  of  a  known  mechanical 
system,  absolute  phase  information  will 
be  beneficial  in  many  cases.  Jtj follows 
immediately  from  Eq.  (10)  that  the 
Fourier  spectrum  for  the  sum  of  two 
shocks  is 

Sj  +a  (f)  =  S,  (f)  +  Sa(f),  (22) 


If  as  U)  is  later  than  ax  (t) , 

9\  -93  may  pass  through  360  degrees  or 
more  in  the  frequency  region  containing 
significant  energy,  making  the  middle 
integrand  negative  over  portions  of  the 
range.  Fv  :ther,  if  the  time  difference 
is  such  that  the  two  shocks  do  not 
overlao,  it  follows  simply  from  the 
time  integral  that  the  total  energies 
must  add  directly.  This  amounts  to 
saying  that  cos  (0j -®2 )  must  tumble  in 
such  a  way  that  the  middle  integral  is 
zero.  However,  for  wider  time-separated 
shocks,  such  that  the  response  to  the 
first  shock  decays  before  the  second 
arrives,  the  magnitudes  of  the  indi¬ 
vidual  Fourier  spectra  are  more  indica¬ 
tive  of  peak  stress  than  the  energy 
spectrum  of  the  sum  or  difference.* 
Furthermore,  if  they  are  overlapping  in 
time,  the  vector  sum  of  their  Fourier 
spectra,  as  transmitted  to  the  same 
failure  point,  is  a  more  fundamental 
indication  of  severity. 


and  that  for  the  difference  is 

SX.P  (f)  =  S,  (f)  =  S3  (f)  .  (23) 

It  should  be  remembered  that  these 
are  vector  sums  and  differences  in  the 
complex  plane.  For  example,  if  aP  (t)  is 
simply  ai  (f)  delayed  by  a  time  r,  it 
follows  from  Eq.  (10)  that  these  become 

S,  43(f)  =[l+e"j2TTf'J  Sj  (f)  (24) 

and  . 

Si  -z  (f)  =[l-e_3Zn£'J  S3  (f)  .  (25) 


CONCLUSION 

The  computation  of  the  response  of 
aero*5’  ice  structures  to  blast  is  a 
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current  problem.  There  will  be  an 
increasing  interest  in  the  testing  of 
aerospace  systems  to  blast  conditions, 
as  there  has  been  in  testing  with  high- 
intensity  ncise. 

Blast  is  a  distributed  excitation 
for  a  structure,  and  should  exhibit 
coincidence  effects  and  other  phenomena 
that  are  found  with  high-intensity 
noise  of  various  types  of  point-to-point 
correlation.  In  short,  the  variation 
of  relative  phase  angle  with  position 
may  be  as  important  as  the  magnitude. 

The  complex  Fourier  spectrum,  expressed 
as  a  function  of  position  over  an  aero¬ 
space  structure,  permits  accurate 
computation  of  response. 

For  the  simulation  cf  blast  phe¬ 
nomena,  it  is  important  to  understand, 
by  as  simple  calculations  as  possible, 
how  the  severity  of  excitation  depends 
generally  on  the  orientation  of  the 
test  item,  on  any  reflections,  and  on 
the  distance  from  the  blast  source. 

The  complex  Fourier  spectrum  is  essen¬ 
tial  to  such  an  understanding  in  the 
same  way  that  the  cross-power  spectrum 
is  essential  to  understanding  of  high- 
intensity  noise  testing.  The  relative 
phase  versus  frequency  curve  will 
influence  which  structural  modes  are 
excited  and  which  suppressed. 

In  principle,  the  Fourier  spectrum 
is  equivalent  in  information  to  the 


residual  shock  spectrum  with  phase 
informction  added  by  a  supplementary 
circuit  in  the  shock  spectrum  computer. 
However,  Fourier  spectra  may  be  obtained 
with  computers  that  are  commercially 
available  now. 
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DISCUSSION 


attempt  been  made  to  define  the  actual  impulse 
energy  generated  by  these  pyrotechnic  devices  in 
terms  of  the  Fourier  transform  ?  Could  these  then 
be  related  by  mechanical  impedance  techniques  to 
effects  occurring  elsewhere  in  the  structure  ? 

Mr.  McGrath  (Martin  Marietta  Corporation): 
There  is  a  paper  by  Fung,  and  quite  a  few  other 
people  have  noted  this,  that  at  very  low  frequencies, 
as  you  approach  zero  the  Fourier  transform  gives  the 
impulse  energy.  And  as  Dr.  Morrow  just  pointed 
out,  the  residual  shock  spectrum  and  the  Fourier 
spectrum  are  the  same;  and  usually  in  the  low  fre¬ 
quency  range  the  residual  shock  spectrum  governs. 

So  we  looked  into  this,  but  we  found  we  had  difficul¬ 
ties  in  reducing  the  data.  If  you  reduce  it  either  by 
an  analog  procedure  or  a  digital  procedure  (we  used 
the  digital  procedure)  to  produce  both  a  Fourier 
spectrum  and  a  shock  spectrum,  we  found  that  a  very 
slight  dc  bias,  or  a  little  bit  of  noise,  in  the  low  fre¬ 
quency  range  pretty  well  obscured  the  information, 
and  we  could  not  come  to  any  conclusion  as  to  what 


impulse  energy  was  contained  in  a  complex  wave. 

One  can  do  this  very  simply  for  a  simple  wave,  such 
as  a  half  sine  pulse.  It  can  be  done  analytically,  but 
we  just  were  not  able  to  come  to  any  conclusion  in 
what  we  did. 

Mr.  Zell:  Could  these  devices  be  tested  on  a 
very  rigid  block?  Perhaps  the  acceleration  of  the 
rigid  block  would  yield  more  of  a  spectrum  of  the  im¬ 
pulse,  rather  than  a  spectrum  that  was  altered  by  the 
response  of  a  complex  structure  ? 

Mr.  McGrath:  The  point,  I  think,  is  that  one 
wants  to  attach  the  measurement  device  to  a  very 
rigid  piece  that  would  feel  only  the  initial  Impulse  and 
not  the  later  complex  part  of  the  wave.  Is  that 
correct  7 

Mr.  Zell:  Yes.  In  other  words,  if  one  has  an 
explosive  bolt  and  if  one  mounted  it  on  a  very  rigid 
block  and  measured  the  acceleration  of  the  very  rigid 
block  one  could  then  relate  this  to  the  force  and  de¬ 
termine  the  spectrum. 
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Mr.  Naylor  (Defense  Research  Establishment, 
Suffielcl,  Canada);.  I  would  like  to  take  this  opportunity 
to  cover  the  whole  of  the  morning  session.  There 
seems  to  be  a  recurrent  question  that  the  accelerations 
are  not  really  representative  of  damage.  It  is  move¬ 
ment  that  causes  damage  —  strains  —  either  bonding 
strains  or  tension  strains.  It  is  very  easy  to  record 
acceleration  but  the  results  are  not  always  satisfac¬ 
tory.  Mr  Grundy  from  Canada  commented  on  this 
yesterd  and  put  in  a  plea  for  stating  results  in  velo¬ 
city,  so  I  would  suggest  that  we  lean  on  the  instrumen¬ 
tation  people  to  integrate  accelerations  and  obtain  a 
better  dynamic  range,  either  before  or  after  record¬ 
ing,  and  if  you  have  to  deal  with  acceleration  data  in 
vour  spectrum  analysis,  convert  to  velocity  and  thus 
get  this  automatic  roll-off  against  the  high  fre¬ 
quencies  which  are  not  important  structurally.  We 
should  forget  about  this  acceleration  kick  —  it  is  not 
really  useful  to  us  in  understanding  what  is  hap|>en- 
ing  to  structures. 

Mr.  McGrath :•  This  is  a  very  important  point, 
namely,  that  it  is  velocity  and  not  acceleration  that 
seems  to  be  the  important  parameter  related  to 
damage,  for  which  we  are  actually  looking.  Cntil  now 
it  has  been  acceleration. 

Dr.  Morrow:  As  we  make  use  of  acceleration 
and  other  criteria  of  severity,  we  most  commonly  do 


it  on  a  relative  basis.  We  are  comparing  two  condi¬ 
tions  and  are  trying  to  tell  which  is  more  severe,  and 
the  criteria  we  have  are  in  many  respects  less  use¬ 
ful  on  an  absolute  basis  than  on  a  relative  basis.  On 
a  relative  basis  the  factor  of  2wf  cancels  out  in  both  — 
and  so  you  are  about  as  wel!  off  if  you  forget  about  it 
from  the  beginning.  I  did  want  to  add  one  other 
comment  on  the  papers  I  have  heard.  1  have  noticed 
quite  a  few  shock  spectra  which  are  extended  all  the 
way  to  10,000  Hz,  or  higher,  and  my  comment  about 
the  residual  shock  spectrum  a  little  earlier  is  related 
to  this.  There  is  one  other  consideration.  It  is  very 
difficult  to  get  valid  data  up  to  10,000  Hz,  the  accel¬ 
erometer  may  not  resonate  until  20,000  or  50,000 
Hz,  and  that  looks  very  fine,  but  that  is  cot  the 
limiting  factor.  What  usually  happens  Is  that  one 
introduces  a  resonance  below  10,000  Kz  in  the  struc¬ 
ture  by  adding  the  accelerometer  and  if  one  makes 
comparisons,  again  on  a  relative  basis,  in  situations 
where  the  loading  effect  remains  constant,  this  again 
does  not  matter:  but  on  an  absolute  basis  it  can  be 
entirely  misleading. 

Mr.  McGrath:  You  could  probably  do  this  if  your 
measurement  system  had  the  proper  roll-off  charac¬ 
teristics.  However,  there  is  no  such  thing  as  a  rigid 
block.  Everything  has  a  natural  frequency.  The 
accelerometers  we  used  had  quite  a  high  useful  fre¬ 
quency  range. 
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Shock  spectra  are  presented  for  an  elasto-inelastic 
beam  simply  supported  at  each  end  on  elasto-inelastic  sup¬ 
ports  which  are  subjected  to  a  half-sine  ground  accel¬ 
eration  pulse.  The  beam  and  supports  have,  respectively, 
bilinear,  hysteretic  moment-curvature  and  bilinear, 
hysteretic  force-displacement  characteristics.  Since  the 
beam-support  system  and  the  ground  excitation  are  mutually 
symmetrical,  the  system  response  is  also  symmetrical.  The 
maximum  relative  displacement  at  the  ends  of  the  beam  and 
the  maximum  relative  displacement  and  maximum  bending 
moment  at  the  midspan  are  presented  for  six  cases  in  which 
the  beam-support  system  has  different  elasto-inelastic 
properties.  A  lumped  flexibility  and  lumped  mass  model 
was  used  to  represent  the  continuous  system. 


—INTRODUCTION 

The  purpose  is  to  present  an  analy¬ 
sis  for  the  response  of  a  bilinear  hys¬ 
teretic  beam  and  support  system  subject¬ 
ed  to  a  ground  acceleration  pulse,  and 
to  show  response  spectra  for  relative 
displacement  and  bending  moment.  This 
study  is  related  to  an  earlier  one  by 
Tauchert  and  Ayre  [8,9]  in  which  the 
beam  remained  elastic  while  the  supports 
alone  exhibited  bilinear,  hysteretic, 
elasto-plastic  characteristics.  It  is  a 
considerable  extension  of  the  earlier 
one  in  that  both  the  beam  and  the  sup¬ 
ports  may  exhibit  bilinear  hy;  'eretic 
characteristics.  Furthermore,  this  in¬ 
vestigation  was  carried  into  the  more 
general  elasto-inelastic  range  rather 
than  limiting  it  to  the  usual  elasto- 
plastic  assumption.  Pertinent  publi¬ 
cations  dealing  with  the  transient,  dy¬ 
namic  response  of  a  structural  system 
having  an  elasto-inelastic  beam  or  beams 
are  indicated  in  Refs.  [1,2,3,5,7,10]. 
The  research  reported  herein  was  a  part 
of  the  doctoral  investigation  carried 
on  at  the  University  of  Colorado  by  the 
first  named  author. 

METHOD  OF  ANALYSIS 

Model  Representation.  The  physical 


system  is  shown  in  Fig.  1.  It  consists 
of  an  elasto-inelastic  beam  simply  sup¬ 
ported  at  each  end  by  identical  elasto- 
inelastic  supports.  The  constant  pro¬ 
perties  of  the  beam  are: 

E  *  modulus  of  elasticity; 

I  =  second-moment-of-area  of  cross- 
section; 

l  »  length  of  beam  between  supports; 
p  »  mass  pe*  unit  length  of  beam. 

The  ground  input  Ug(t)  is  the  half¬ 
sine  acceleration  pulse: 

0  <  t  <  tg  (1) 
t  >  tg  (2) 

where 

iig  *  ground  acceleration; 

A_  »  amplitude  of  ground  acceler- 
6  ation; 

t  =  time; 

tg  =  duration  of  ground  pulse. 


u  =  A  sin 
8  g  t 

V 


I 
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The  corresponding  express 
displacement  are: 


%  .t  1 
U  —  v*  (r“  "  — 

p  2  lg  71 


TTt, 

sin  — ) 
g 


ug  =  ug  <rg  -  i} 


where 


ions  for  ground 

o  i  t  <  tg  (3) 
t  .>  tg  (4) 


Ug  m  ground  displacement; 


"g  ■  ;W'- 


Since  both  the  structure  and  the  excita¬ 
tion  are  symmetrical,  the  response  is 
also  symmetrical. 


A  lumped- flexibility ,  lumped-mass 
model  (Figs.  2  and  3)  was  used.  Wen  and 
Toridis  [10]  found  this  type  of  model 
to  be  more  effective  than  the  lumped- 
flexibility  and  continuous-mass  model  or 
the  continuous- flexibility  and  lumped- 
mass  model  for  the  type  of  structure 
considered  in  this  study.  Symbols  re¬ 
lating  to  the  mo4e.l  .bfiam  are: 

V  ' 

N  3  number  of  beam  segments; 

h  =  1/ N  =  constant  length  of 
beam  segments ; 


N+l  =  number  of  masses; 


i  =  1,2... N+l  3  subscript  desig¬ 
nating  beam  si  +ion  (mass 
point) ; 

m.  =  m  =  ph  3  any  interior  mass 
1  (constant),  where  i  3  2,3. .N; 

ml  =  mN+l  =  =  masses; 


7 

I 

i  , 

1  ■ 
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FIG.  1. -EQUILIBRIUM  POSITION  FOR  DIS¬ 
TRIBUTED  PARAMETER  BEAM  ON  CONCEN¬ 
TRATED  SUPPORTS. 


Rigid  and 
iMassless,  Panel 


Joint  with  Lumped  Mass 
and  ^Flexibility 
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FIG.  2. -EQUILIBRIUM  POSITION  FOR 
LUMPED  PARAMETER  MODEL  BEAM  ON 
SUPPORTS . 


FIG.  3. -DISPLACED  POSITION  FOR  LUMPED 
PARAMETER  SYSTEM. 

u-  3  absolute  displacement  of  mass 
1  at  station  i; 

si  *  ui  *  U1  “  displacement  of  beam 
relative  to  its  ends. 

Nonlinear  Restoring  Forces.  The  re¬ 
st  o  r  injpTorce^HIspTacement- Time t  i  on 
r(Wj)  for  the  supports  is  bilinear  and 

hysteretic,  as  shown  in  Fig.  4,  where 

Wj^  =  Uj  -  Ug  3  displacement  of 

beam  ends  relative  to  ground; 

r  3  r(w^)  3  restoring  force  in 
support; 

r  3  restoring  force  at  yield  point 
y  in  support ; 

q,  3  elastic-range  stiffness  (con¬ 
stant)  of  support; 

q2  3  aq^  3  inelastic-range  stiff¬ 
ness  (constant)  of  support; 

a  =  q2/qj  *  support  stiffness  bi¬ 
linearity  ratio,  0  <,  a  <.  1. 


When  a  3  0,  the  supports  are  elasto- 
plastic.  When  o  3  1,  the  supports  are 
linearly  elastic  over  the  full  range  of 
support  relative  deflection. 
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The  bending  moment- curvature  func¬ 
tion  M(K)  for  the  beam  is  also  bilinear 
and  hysteretic,  as  shown  in  Fig.  S, 
where 

Ki  *  '  '7  <si-l  *  2si  +  si+l>  * 
beam  curvature; 

M.  *  bending  moment; 

M  =  bending  moment  at  yield  point 
y  in  beam; 

k,  *  El  *  elastic-range  stiffness 
(constant)  of  beam; 

k2  ■  Bkj  *  inelastic-range  stiff¬ 
ness  (constant)  of  beam; 

8  *  k2/kj  “  beam  stiffness  bilin¬ 

earity  ratio,  0  <.  8  £  1. 

When  8  *  0,  the  beam  is  elasto-plastic. 
When  8  •  1,  the  beam  is  linearly  elastic 
over  the  full  range  of  beam  curvature. 


FIG.  4. -RESTORING  FORCE-DISPLACEMENT 
FUNCTION  FOR  THE  SUPPORTS. 


FIG.  S. -BENDING  MOMENT- CURVATURE 
FUNCTION  FOR  THE  BEAM. 


Equations  of  Motion.  For  the  model 
beam  (Fig.  3)  the  differential  equation 
of  motion  for  the  left  end  mass  m^  is 

ml  U1  *  *  r(wi)  (5) 

Due  to  symmetry  a  similar  expression 
can  be  written  for  the  right  end  mass, 
i.e.,  u^  =  uN+1.  The  differential 

equation  of  motion  for  any  interior 
mass  is 

mi  Ui  "  (Mi-l  *  2Mi  + 
i  =  2,3. ..N. 


Equations  (S)  and  (6)  may  be  non- 
dimensionalized  by  use  of  the  following 
nondimensional  quantities: 

Ui  =  u./Ug,  absolute  displacement 
of  beam; 

ug  =  ug/Ug,  displacement  of  ground; 

ffi  =  Wi/Ug  =  (ui'ug)/Ug’  disPlace‘ 
ment  of  beam  relative  to 
ground; 

t  *  t/tg,  time; 

|  1 

I?i  “  /EIU  ,  bending  moment  in 
beam; 

—  O 

Uj  =  “itg/Ug»  absolute  accelera¬ 
tion  of  beam; 

r  =  r/q^Ug ,  support  restoring 
force. 

Equation  (6)  becomes: 

Ui  *  CjK.,  i  »  2,3  ...N,  (7) 


where  ^  *  Nt2EI/mt^; 


By  using  the  dimensionless  ratios, 
Y  and  p,  defined  below,  the  physical 
quantities  in  the  dimensionless  con¬ 
stants  Cj  and  C2  need  not  be  specified: 

Y  *  qj/48  El/i  «  ratio  of  support 
stiffness  to  beam  stiffness; 
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p  -  t  /T  =  ratio  of  pulse  dura- 

sj  .s>  ‘ 

t ion  to  "fundamental  period" 
of  beam; 

I"  =  ( ImNr’/u'l  n*1  =  fundamental 
s's  natural  period  of  elastic  beam 
simple  supported  on  rigid  sup¬ 
ports  uij  •*“>). 

Ihe  constants  Oj  and  C,  then  become: 
ij  =  ( 4/  —  ~ 1  N'o* ; 

U,  =  (1 02/n-)  ,\yp~. 


The  n ume r i c a  1  procedure  used  to 
obtain  the  response  quantities  is  the 
same  as  that  used  in  an  earlier  publi¬ 
cation  (8).  Vorris  et  al.  [e],  refer  to 
this  procedure  as  a  special  case  of  the 
Adams -Stormer  method.  In  order  to  ver¬ 
ify  the  results  using  the  Adams -Stormer 
method,  the  fourth-order  version  of  the 
Runge-Kutta  method  was  also  used  to  ob¬ 
tain  the  response  quantities  for  a  few 
cases..  The  calculations  were  performed 
on  the  CUC  6-100  digital  computer  at  the 
University  of  Colorado. 

The  model  beam  contained  16  seg¬ 
ments  (N=  16)  so  that  there  were  17  point 
masses  equally  spaced.  A  9-mass  model 
had  been  used  in  an  earlier  study  [8], 
and  it  was  found  by  a  trial  increase  to 
33  masses  that  the  17-mass  model  was 
more  than  adequate  for  the  purposes  of 
this  investigation. 

For  each  application  of  the  ground 
pulse  the  beam  response  was  explored  for 
maxima  occurring  in  the  time  interval, 

0  <.  t  <  1.5  Tj ,  where  T1  is  the  funda¬ 
mental  natural  period  of  the  beam  simply 
supported  on  elastic  supports  at  each 
end.  The  ratio  of  ground  pulse  duration 
to  fundamental  natural  period  of  the 
beam  simply  supported  on  ri^id  supports 
at  each  end,  p  =  tg/Tss,  which  is  the 

abscissa  of  the  response  spectra,  was 
varied  from  0.1  to  1.0.  The  terminal 
computational  time  of  1.5  T^  was  found 

by  trial  extended  computations  to  be 
adequate . 

In  the  computational  time  incre¬ 
ment,  At  =  T^/4,  where  T^  is  the 

smallest  natural  period  for  the  system, 
the  divisor  $  was  taken  equal  to  4. 
Others  have  used  values  of  4  ranging 
from  it  to  10.  It  was  found  by  trial 
calculation  that  4  =  4  is  satisfactory 
for  the  purposes  of  this  investigation. 


A  detailed  presentation  of  the  pro 
cedure,  study  of  errors,  decisions  re¬ 
garding  beam  increments  and  time  incre¬ 
ments,  etc.,  can  be  found  in  the  thesis 
[11]  on  which  this  paper  is  based.  Di¬ 
rect  comparisons  of  numerical  results 
are  shown  in  the  second  section  fol¬ 
lowing  this  one. 


COMPUTED  RESULTS 

Response  spectra  present  the  non- 
dimensional  response  quantities.  Two 
parameters,  p  and  y,  define  the  system 
if  it  is  elastic.  For  the  clasto- 
inelastic  beam  and  support  system,  six 
non-dimensional  parameters,  including  p 
and  y >  are  required.  They  arc  repeated 
here  for  convenience: 

=  My£“/EIUg,  bending  moment  at 
yield  point  in  beam; 

Ty,  *  Ty/q jUg ,  restoring  force  at 
yield  point  in  supports; 

a  =  /q =  support  s  .ffness  bi¬ 
linearity  ratio; 

8  =  h?/kj  =  beam  stiffness  bilin¬ 
earity  ratio; 

Y  =  q1/48EI/£3  =  ratio  of  support 
stiffness  to  beam  stiffness; 

p  =  t  /T  =  ratio  of  pulse  dura- 
S  s  s 

tion  to  "fundamental  period” 
of  beam. 

For  the  response  spectra,  the  ordi 
nate  is  a  response  quantity  and  the  ab¬ 
scissa  is  the  parameter  p  =  t  /T  .  The 

g  s  s 

response  quantities  are  the  following: 

|wi|  =  greatest  maximum,  disre¬ 

garding  sign,  of  nondi¬ 
mens  ional  displacement 
at  ends  of  beam,  rela¬ 
tive  to  ground; 

| w  |  =  greatest  maximum,  disre- 

'  garding  sign,  of  nondi- 
mensional  displacement 
at  center  of  beam,  rela¬ 
tive  to  ground; 

|Ti  |  =  greatest  maximum,  disre¬ 

garding  sign,  of  nondi¬ 
mens  ional  bending  moment 
at  center  of  beam. 
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A  value  of  4.0  was  selected  for  the 
support-beam  stiffness  ratio  y,  and  only 
this  value  was  used.  (Time  did  not  per¬ 
mit  the  investigation  of  more  than  one 
value  for  y.)  For  any  given  response 
spectra  plot,  three  of  the  following 
four  nonlinear  parameters,  My,  Ty,  a  and 

6,  are  held  fixed  while  the  remaining 
one,  which  is  the  family  parameter,  is 
varied.  Table  1,  Index  to  Response 
Spectra,  indicates  the  six  cases  of  beam 
and  support  characters'  ics  and  the 
three  response  quantities.  A  short  ver¬ 
tical  line  on  a  response  spectrum  is 
used  to  indicate  the  minimum  value  of  p 
which  results  in  elastic  action  in  the 
system. 

The  first  three  families  of  re¬ 
sponse  spectra  (Figs.  6,  7,  8)  show  the 
results  for  the  elastic  beam  on  elasto- 
plastic  supports  (a  *  0)  (family  param¬ 
eter,  Ty).  The  close  agreement  with  the 

results  of  an  earlier  investigation  [8] 
is  not  surprising  since  the  mathematical 
models  used  in  the  two  investigations 
are  similar. 


Figures  9,  10,  and  11  indicate  the 
results  of  investigating  the  elastic 
beam  on  elasto- inelastic  supports  (fam¬ 
ily  parameter,  a).  It  should  be  noted 
that  each  of  these  sets  of  response 
curves  results  from  an  investigation  of 
the  region  on  the  corresponding  response 
curves  (see  Figs.  6,  7,  and  8)  between 
the  curve  for  ry  ■  0.05  and  the  curve 

for  the  elastic  case. 

Figures  12,  13,  and  14  present  the 
spectra  for  the  elasto-plastic  beam  on 
elastic  supports  (family  parameter,  My) ; 

Figs.  15,  16  and  17,  for  the  elasto- 
inelastic  beam  on  elastic  supports 
(family  parameter,  8);  Figs.  18,  19  and 
20,  for  the  elasto-inelastic  beam  on 
elasto-plastic  supports  (family  param¬ 
eter,  T  ) ;  and  in  Figs.  21,  22  and  23 

are  shown  the  spectra  for  the  most  gen¬ 
eral  case,  the  elasto-inelastic  beam  on 
elasto-inelastic  supports  (family  param¬ 
eter,  a). 


VERIFICATION  OF  NUMERICAL  RESULTS 

Comparison  of  Numerical  Results 
with  Series  Solution  Results  for  the 
Elastic  Team  and  Support  System!  1T~ 
series  solution  was  obtained  for  the 
response  of  the  linear,  elastic,  dis¬ 
tributed  parameter  Bernoulli-Euler  beam 
simply  supported  on  linear,  elastic 
supports.  A  comparison  of  the  results 


obtained  by  the  series  solution,  using 
the  first  four  symmetric  modes,  with 
the  results  obtained  for  the  lumped- 
parameter  model  by  the  Adams-Stormer 
method  indicates  that  the  average  dif¬ 
ference  ir.  the  relative  displacement  at 
the  beam  ends  is  1.231,  and  in  relative 
midspan  displacement  is  1.33%.  The 
average  difference  for  the  bending  mo¬ 
ment  response  is  4.06%.  The  maximum 
differences,  all  of  which  occur  for  the 
particular  case  when  p  equals  0.2  are: 
2.73%  in  the  relative  displacement  at 
the  beam  ends;  and  2.28%  in  the  relative 
displacement  and  7.59%  in  the  bending 
moment  at  the  beam  midspan. 


Comparison  of  Numerical  Results 
with  the  kesults  from  an  Earlier  Study 
for  an  Elasto-plastic  System.  Figures 
?,  7  and  8  present,  respectively,  the 
response  spectra  for  the  relative  dis¬ 
placement  at  the  ends  of  the  beam  and 
the  relative  displacement  and  bending 
moment  at  the  beam  midspan.  The  re¬ 
sponse  results ,  as  shown  on  these 
graphs,  are  in  close  agreement  with  the 
results  obtained  in  an  earlier  study (8 J. 
This  comparison  is  limited  to  the  case 
of  an  elastic  beam  on  elasto-plastic 
supports. 


Comparison  of  Results  Obtained  by 
the  A5ams-Stormer  Method  with  Those 
(Obtained  by  the  Runge-Kutta  MethooT  For 
the  linearly  elastic  beam-support  system 
the  response  results  were  obtained  for 
five  values  of  p  and  three  different 
response  quantities  using  both  the  Adams- 
Stormer  and  the  Runge-Kutta  methods.  In 
all  cases  of  comparison  the  differences 
between  the  Adams-Stormer  results  and 
the  Runge-Kutta  results  are  less  than 
1%.  It  should  be  noted  that  for  these 
problems  the  Runge-Kutta  method  required 
almost  twice  as  much  computer  time  as 
the  Adams-Stormer  method. 


Due  to  the  large  amount  of  computer 
time  required,  only  one  nonlinear  case 
Celasto-plastic  beam  on  elastic  supports) 
was  calculated  using  the  Runge-Kutta 
method.  The  parameters  y,  p,  and  My 

were  assigned  arbitrary  values  of  4.0, 
0.3,  and  5.0,  respectively.  In  compar¬ 
ing  the  results  for  this  case  with  the 
results  for  the  same  case  using  the 
Adams-Stormer  method,  it  was  found  that 
the  maximum  relative  displacement  at 
the  ends  of  the  beam  and  also  at  the 
midspan  differed  by  much  less  than  1%. 

For  this  elasto-plastic  case,  the  Runge- 
Kutta  method  required  about  3.5  times 
as  much  computational  time  as  the  Adams- 
Stormer  method. 
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CONCLUSIONS 

The  response  spectra  for  relative 
displacement  and  bending  moment  are 
regular  in  all  six  cases  investigated. 
Because  of  the  complexity  of  the  non¬ 
linear  system  and  its  response  it  is 
not  feasible  to  compose  a  brief  state¬ 
ment  describing  the  transient  response 
in  three  variables  as  affected  by  six 
combinations  of  the  system  parameters. 

A  few  characteristics,  however,  of  the 
elasto- inelastic  beam-support  system 
are  noted.  Referring  to  Fig.  10  (case 

2)  (see  Table  1),  it  is  seen  that  even 
though  inelastic  action  begins  in  the 
supports  when  p  is  decreased  to  0.52, 

as  indicated  by  the  short  vertical  line, 
the  relative  displacement  at  the  beam 
midspan  is  not  affected  significantly 
until  p  is  reduced  below  0.3  in  value. 

As  seen  in  Fig.  11,  however,  the  bending 
moment  at  the  midspan  is  affected  by  any 
value  of  p  that  results  in  inelastic 
action  in  the  supports. 

It  can  be  seen  from  Fig.  12  (case 

3)  ,  that  the  relative  displacement  at 
the  ends  of  the  beam  decreases  as  My 

(bending  moment  at  yield  point)  is  de¬ 
creased,  provided  the  beam  is  forced 
into  yielding.  This  decrease  in  rela¬ 
tive  displacement  indicates  that  when 
yielding  takes  place  in  some  part  of  the 
structure,  the  displacement  does  not 
necessarily  increase  in  all  parts  of  the 
structure,  but  may  decrease  as  in  this 
case.  Figure  13,  however,  shows  that 
the  relative  displacement  at  the  midspan 
of  the  beam  increases  as  Hy  is  decreased. 

A  question  to  consider  for  case  5 
is:  for  a  given  value  of  the  pulse 
duration  where  yielding  occurs  in  the 
system,  aoes  inelastic  action  occur  in 
both  the  beam  and  beam  supports?  Al¬ 
though  only  a  limited  amount  of  data  is 
available,  the  question  may  be  answered 
by  observing  the  point  where  the  spec¬ 
trum  for  the  inelastic  system  branches 
off  the  spectrum  for  the  elastic  system. 
In  comparing  the  actual  branch  points 
for  the  spectrum  where  Ty  *  0.03  with 

che  location  of  the  short  vertical  lines 
in  Figs.  18  and  20,  it  seems  apparent 
that  as  p  is  decreased  to  a  value  of 
0.72,  yielding  occurs  in  both  the  beam 
and  the  supports,  since  the  actual 
branch  points  coincide  with  the  vertical 
lines.  For  the  spectrum  in  which  Ty 

equals  0.05,  however,  yielding  takes 
place  in  the  beam  when  p  equals  0.57 
followed  by  yielding  in  the  supports 
when  p  is  reduced  to  0.50. 

Also,  in  comparing  the  spectra  in 
Fig.  18  (case  5)  with  the  spectra  in 


Fig.  6  (case  1),  it  is  seen  that  there 
is  little  difference  in  the  response 
quantities.  From  the  above  comparison 
it  is  concluded  that  elasto-inc-lastic 
action  occurring  in  the  beam,  within 
the  range  investigated,  has  only  a 
slight  effect  on  the  displacement  at 
the  ends  of  the  beam.  If  a  similar  com¬ 
parison  is  made  for  the  relative  dis¬ 
placement  and  the  bending  moment  spectra 
at  the  beam  midspan  using  Figs.  19  and 
7  and  Figs.  20  and  8,  respectively,  it 
is  concluded  that  the  inelastic  action 
in  the  beam  has  a  relatively  small 
effect  on  the  midspan  displacement  and 
bending  moment. 

Observing  the  spectra  in  Fig.  21 
(case  6)  for  the  relative  displacement 
at  the  ends  of  the  beam,  it  is  seen  that 
as  the  family  parameter  is  increased  in 
value,  the  displacement  decreases.  When 
a  equals  0.7,  however,  the  displacement 
spectrum  for  the  inelastic  system  falls 
below  the  spectrum  for  the  elastic 
system.  This  anomaly  may  be  due  to  the 
fact  that  as  a  increases  in  value,  the 
inelastic  action  in  the  beam  exerts  a 
proportionately  greater  influence  on 
the  dynamic  response  of  the  system.  It 
was  found  in  Fig.  15,  for  the  elasto- 
inelastic  beam  on  elastic  supports, 
that  all  spectra  for  the  relative  dis¬ 
placement  at  the  ends  of  the  beam  fall 
below  the  spectrum  for  the  elastic 
system. 

Other  types  of  hysteretic,  beam- 
moment-curvature  functions  involving 
curvilinear  branches  in  place  of  the 
linear  branches  used  in  this  investi¬ 
gation  [4]  should  be  studied  in  order 
to  determine  the  effect  that  the  sharp 
discontinuities  in  the  hysteretic, 
moment-curvature  function  may  have  on 
the  response  quantities. 
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TABLE  1:  INDEX  TO  RESPONSE  SPECTRA 


Case 

Beam** 

Supports 

** 

Response 

Quantity* 

Pig. 
No . 

J 

•H 

♦J 

C3 
*— « 

Ui 

Elasto- 

Plastic 

Elasto- 

Inelastic 

6 

My 

Elastic 

Hlasto- 

Plastic 

Elasto- 

Inelastic 

a 

7y 

1  1  max 

1 w  1 

’  c 1  max 

l^cLax 

■ 

II 

■ 

■ 

■ 

n 

X 

6 

1.0 

00 

0 

X 

7 

■ 

■ 

■ 

■ 

■ 

X 

8 

II 

■ 

■ 

II 

X 

HI 

2 

1.0 

CO 

0.05 

X 

H 

■ 

■ 

■ 

■ 

X 

ii 

■ 

■ 

n 

■ 

X 

IIH 

3 

X 

0 

1.0 

00 

X 

its 

■ 

■ 

m 

' 

X 

In 

■ 

■ 

1 

■ 

■ 

HI 

m 

X 

15 

mi 

1.0 

00 

X 

16 

■ 

■ 

■ 

■ 

■ 

■ 

H 

_ 

X 

17 

■ 

■ 

■ 

HI 

X 

18 

5 

X 

0.3 

2.5 

0 

X 

19 

■ 

■ 

1 

■ 

X 

20 

■ 

■ 

Hi 

■ 

n 

X 

21 

6 

X 

0.3 

X 

X 

22 

■ 

■ 

■ 

■ 

■ 

X 

23 

t  v  =  variable  (fanily  parameter) 

*  rreatest  maximum  without  regard  for  sign;  subscript  fl)  refers  to  cither  end  of 
beam;  subscript  fel  refers  to  midspan. 

**  Ratio  of  support  stiffness  to  beam  stiffness,  y  =  4.0,  constant  for  all  cases 
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!•' Id.  6.  -RELATIVE  DISPLACEMENT  AT  ENDS 
OP  BEAM,  ELASTIC  BEAM  ON  ELASTO- 
PLASTIC  SUPPORTS,  a  =  0.0,  y  =  4.0. 


FIG.  7. -RELATIVE  DISPLACEMENT  AT  MID- 
SPAN,  ELASTIC  BEAM  ON  ELASTO-PLASTIC 
SUPPORTS,  a  =  0.0,  y  =  4.0. 


FI i  .  8. -BEND I JG  MOMENT  AT  MIDSPAN, 
ELASTIC  BEAM  ON  ElASTG-PLASTIC  SUP¬ 
PORTS,  u  =  0.0,  y  *  4.0. 


FIG.  9, -RELATIVE  DISPLACEMENT  AT  ENDS 
OF  BEAM,  ELASTIC  BEAM  ON  EI.ASTO- 
INELASTIC  SUPPORTS,  r  *  0.05,  Y  =  4.0. 


FIG.  10. -RELATIVE  DISPLACEMENT  AT 
MIDSPAN,  ELASTIC  BEAM  ON  ELASTO- 
INELASTIC  SUPPORTS,  T  »  0.05, 
y  =  4.0.  y 

Wmaj 


FIG.  11. -BENDING  MOMENT  AT  KTDSPAN, 
ELASTIC  BEAM  ON  ELASTO-INELA  'TIC 
SUPPORTS,  r  «  0  05,  t  *  4.0. 
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FIG.  12. -RELATIVE  DISPLACEMENT  AT  ENDS 
OF  BEAM,  ELASTO- PLASTIC  BEAM  ON 
ELASTIC  SUPPORTS,  0  =  0.0,  y  =  4.0. 


FIG.  13. -RELATIVE  DISPLACEMENT  AT  MID¬ 
SPAN,  ELASTO-PLASTIC  BEAM  ON  ELASTIC 
SUPPORTS,  B  *  0.0,  y  =  4.0. 


FIG.  IS. -RELATIVE  DISPLACEMENT  AT  ENDS 
OF  BEAM,  ELASTO- INELASTIC  BEAM  ON 
ELASTIC  SUPPORTS,  FI  =  5.0,  y  =  4.0. 


FIG.  16. -RELATIVE  DISPLACEMENT  AT  MID¬ 
SPAN,  ELASTO- INELASTIC  BEAM  ON  ELASTIC 
SUPPORTS,  M„  =  5.0,  y  =  4.0. 


FIG.  14. -BENDING  MOMENT  AT  MIDSPAN, 
ELASTO-PLASTIC  BF."  ON  ELASTIC  SUP¬ 
PORTS,  0  -  0.r  ,  y  4.0. 


FIG.  17. -BENDING  MOMENT  AT  MIDSPAN, 
ELASTO- INELASTIC  BEAM  ON  ELASTIC  SUP¬ 
PORTS,  F!  «  5.0,  y  =  4,0. 
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1:IG.  1 8. -RELATIVE  DISPLACEMENT  AT  ENDS 
0E  BEAM,  ELASTO- INELASTIC_BEAM  ON 
ELASTO- PLASTIC  SUPPORTS,  M  =  2.5, 

S  =  0.3,  a  =  0.0,  y  =  4.0.y 


FIG.  21. -RELATIVE  DISPLACEMENT  AT  ENDS 
OF  BEAM,  ELASTO- INELASTIC  BEAM  ON 
ELASTO- INELASTIC  SUPPORTS,  R  «  2.S, 

6  =  0.3,  r  =  0.05,  y  =  4.0.y 


I 


FIG.  19. -RELATIVE  DISPLACEMENT  AT  MID¬ 
SPAN,  ELASTO- INELASTIC  BEAM  ON  ELASTO- 
PLASTIC  SUPPORTS,  \  =  2.S,  B  =  0.3, 
a  =  0.0,  y  =  4.0.  y 


FIG.  20. -BENDING  MOMENT  AT  MIDSPAN, 
ELASTO- INELASTIC  BEAM  ON  ELASTO- 
PIASTIC  SUPPORTS,  M  =  2.5,  B  =  0.3, 
a  =  0.0,  y  =  4.0.  > 


NAmk 


FIG.  22. -RELATIVE  DISPLACEMENT  AT  MID¬ 
SPAN,  ELASTO- INELASTIC  BEAM  ON  ELASTO- 
INELASTIC  SUPPORTS,  R  =  2.S,  B  *  0.3, 
ry  «  0.05,  y  3  4.0.  y 


i 


FIG.  2 3. -BENDING  MOMENT  AT  MIDSPAN, 
ELASTO- INELASTIC  BEAM  ON  ELASTO- 
1NELASTIC  SUPPORTS,  R  =  2.5,  3  =  0.3, 
r  =  0.05,  y  =  4.0.  y 
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DISCUSSION 


Mr.  Rlpperger  (University  of  Texas) :•  I  can  not 
add  anything  to  this  paper  except  that  I  thought  it  was 
very  interesting.  I  want  to  make  an  observation  that 
one  of  my  students  and  I  published  a  paper  that  is  re¬ 
lated  to  this  problem  in  the  30th  Shock  and  Vibration 
Symposium  Bui',  in  about  ten  years  ago  in  which  we 
looked  into  the  permanent  deformation  that  was  de¬ 
veloped  in  tip  loaded  cantilever  beams  subjected  to 
shock  loading  at  the  support  of  the  tip.  If  anybody  is 
interested  in  related  information  to  this  paper  they 
might  want  to  look  at  that  one,  (Editors  Note:  30th 
Shock  and  Vibration  Bulletin  Part  III,  p302,  February 
1902). 

Mr,  Burton:  Thank  you  for  that  informat'on. 


Mr,  Aver  (University  of  Colorado):-  This  paper 
is  really  part  of  a  series  that  hasljeen  generated  by 
various  people.  There  is  another  one  on  a  cantilever 
beam  nroblem  by  a  man  by  the  name  of  Shultz  which 
came  out  in  1904  or  1903,  and  there  have  been  some 
others  relating  to  other  configurations.  In  introducing 
it  I  remarked  that  it  was  more  of  an  academic  sort  of 
paper,  not  with  any  intention  of  apologizing  for  it  in 
any  way,  but  with  the  aim  of  trying  to  understand  some 
of  the  nonlinear  phenomena  with  which  we  are  faced 
without  necessarily  relating  the  problem  to  a  specific 
application.  It  is  really  a  sort  of  quantitative  study 
from  which  we  hope  to  derive  some  qualitative  con¬ 
clusions  that  may  give  us  a  basis  for  judgment. 
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DIGITAL  FOURIER  ANALYSIS  OF  MECHANICAL  SHOCK  DATA 


H.  A.  Gaberson,  Ph,D.  and  D.  Pal 
Naval  Civil  Engineering  Laboratory 
Port  Hueneme,  California 


Fourier  transforms  of  recorded  shock  motions  show  promise  as  classifiable 
descriptors  of  mechanical  shock  hardness,  and  the  transforms  have  become 
inexpensive  to  compute  due  to  the  availability  of  various  Fast  Fourier 
Transform  computer  programs.  However,  confusing  differences  exist  between 
the  continuous  Fourier  transform  and  that  actually  produced  by  the  computer 
programs.  Interestingly,  it  is  the  fact  of  sampling  or  discretization 
itself  which  causes  the  difficulty.  This  paper  presents  a  self-contained 
development  of  the  discrete  Fourier  transform,  and  relates  the  computed 
transform  to  the  continuous  version.  The  finiteness  of  the  transient 
makes  possible  an  exact  representation  of  the  transform  at  a  sequence  rf 
discrete  frequencies.  Computer  programs  generally  report  only  these 
discrete  values  which  are  often  too  widely  spaced  to  be  related  to 
mechanical  systems.  Interpretation  formulas  are  derived  that  permit  the 
intermediate  values  to  be  computed.  Finally,  the  basic  unresolvability 
of  errors  due  to  too  coarse  sampling  (aliasing)  is  discussed.  It  is 
concluded  that  change  of  sampling  rate  can. indicate  the  absence  of 
aliasing  errors. 


INTRODUCTION 

NCEL  is  evaluating  methods  to  determine  the 
hardness  of  routinely  installed  shore  based 
equipment  and  to  this  end  seeks  improved 
descriptors  of  environmental  shock  severity  as 
well  as  the  potential  of  equipment  to  withstand 
that  environment,  the  equipment  SHOCK  HARDNESS. 
This  report  presents  a  theoretical  development 
of  the  digitally  computable  discrete  Fourier 
transform,  a  descriptor  of  mechanical  shock  that 
holds  great  promise  fir  use  in  the  measurement 
of  equipment  shock  hardness. 

The  Four'.er  transform  of  a  mechanical  snock 
motion  is  expected  to  be  a  useful  description 
for  many  reasons.  It  is  an  alternate  means  of 
recording  the  motion;  whereas  such  a  motion  is 
normally  thought  of  as  velocity,  acceleration  or 
displacement  as  a  function  of  time,  the  trans¬ 
form  records  the  motion  as  a  function  of 
frequency.  The  transform  is  the  usual  input  to 
theoretical  calculations  of  shock  response,  hence 
one  might  expect  it  to  have  experimental  useful¬ 
ness.  The  shock  spectrum,  a  related  frequency 
domain  function,  has  had  wide  acceptance  as  a 
measure  of  shock  severity.  Since  the  Fourier 
transform  contains  a  complete  description  of 
the  original  motion,  as  opposed  to  the  shock 
spectrum  which  only  retains  about  half  of  the 
information,  it  is  fait  that  the  transform  offers 


greater  potential  as  a  complete  descriptor. 
Furthermore,  the  Fourier  amplitudes  and  phases, 
that  are  necessarily  computed,  are  required  in 
the  computation  of  many  related  frequency  domain 
functions,  such  as  the  power  spectral  density, 
cross  and  auto  correlations,  frequency  response, 
and  the  like.  Therefore,  the  Fourier  transform 
and  its  related  functions  must  be  evaluated  for 
use  as  a  means  for  organizing  and  classifying 
the  shock  hardness  of  equipment. 

In  addition,  the  dynamic  test  instrumenta¬ 
tion  industry  has  recently  come  forth  with  many 
analyzers  and  special  purpose  computers  to 
"instantly"  compute  frequency  domain  functions. 
The  logic  circuits  or  calculation  routines  are 
difficult  to  evaluate  and  verify.  A  thorough 
understanding  of  the  readily  available  digitally 
computed  Fourier  transform  is  also  useful  to 
prove  the  fidelity  of  the  output  of  the  various 
analyzers. 

In  1964,  Cooley  and  Tukeyl  published  an 
efficient  Fourier  transform  computing  algorithm 
which  has  made  inexpensive  Fourier  transform 
calculations  a  reality.  Bergland^  presented  a 
comprehensive  discussion  of  the  Fast  Fourier 
Transform,  or  "fft"  as  the  Cooley-Tukey  algorithm 
is  now  called.  In  it,  he  reports  that  the  cost 
of  doing  a  2^0  or  1024  sample  analysis  has 
dropped  from  a  few  dollars  to  a  few  cents  as  a 
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result  of  tills  computing  method.  In  fact, 
special  purpose  hard1'*  ■»»■*“  h.is  reduced  tlie  cost  to 
j  tew  hundredths  of  i  cent.  Thus  we  can  look 
forward  to  very  economical  frequency  domain  calcu¬ 
lations  If  these  methods  prove  to  he  of  value  In 
the  measurement  of  equipment  shock  hardness. 

Inherent  peculiarities  and  differences 
exist  between  a  digitally  computed  transform  and 
tlie  ideal  continuously  Integrated  version. 
Therefore,  tit  is  paper  presents  a  self-contained 
development  of  tlie  discrete  Fourier  transform 
in  a  form  sufficiently  detailed  to  he  under¬ 
standable  to  tlie  test  engineer.  Tlie  paper  begins 
by  reviewing  a  few  properties  of  the  continuous 
Fourier  transform  and  then  develops  the  discrete 
transform  along  lines  suggested  by  Cooley,  Lewis, 
and  Welch..-*  The  available  computer  programs 
present  results  In  various  trigonometric  forms, 
and  these  forms  are  developed  in  tlie  next  section. 
The  computer  results  are  returned  at  discrete 
frequencies  which  in  the  case  of  shock  data  may 
only  include  a  few  frequencies  within  the  range 
of  interest;  therefore,  formulas  that  permit 
determination  of  values  at  any  intermediate 
frequency  are  developed.  Finally,  in  the  last 
section,  the  subject  of  sampling  and  procedures 
to  avoid  aliasing  are  described.  The  paper 
substantially  covers  the  preparatory  study  that 
must  be  done  before  embarking  on  a  program  of 
digital  Fourier  analysis  of  mechanical  shock 
data. 


CONTINUOUS  FOURIER  TRANSFORM 

Many  presentations^*  >5 .6  of  the  continuous 
Fourier  transform  are  available  for  use  as  a 
point,  of  departure.  We  shall  cite  Bracewell^* 
as  presenting  the  precise  forms  with  which  we 
begin,  the  adequate  expositions  of  mathematical 
existence,  and  the  proof  that  all  practical  wave¬ 
forms  do  indeed  have  Fourier  transforms.  There¬ 
fore,  we  begin  by  considering  a  function  of  time, 
x(t),  which  has  a  Fourier  transform  F(f)  given  bv: 

.x  -2" if  t 

F(f)  =  .x(t)  e  dc.  (1) 

*  -SB 

Here,  f  is  the  frequency  in  cycles  per  second 
(Hertz,  Hz),  t  is  the  time  in  seconds  and  i  is 
the  Imgainary  constant,  i  =  V^I.  The  function 
F(f)  is  complex,  requiring  amplitude  and  phase, 
or  real  and  Imaginary  functions  to  represent  it. 
Figures  1  and  2  represent  such  a  function  and 
its  Fourier  transform.  The  transform  F(f)  can  be 
inverse  transformed  back  to  x(t)  by  taking  the 
inverse  transform  of  F  as  follows: 

x(t)  =  Fif)  e2rlfC  df,  (2) 

K  -rc 

the  above  two  expressions  constitute  a  continuous 
Fourier  transform  pair;  x(t)  transforms  to  F(f) 
and  vice  versa  according  to  the  above  expressions. 

it  is  necessary  to  recall  some  properties 
of  the  Fourier  transforms  of  real  functions  to 


efficiently  present  the  forthcoming  development. 
Equation  (1)  may  be  written  as:- 

F(f)  =  i*  x(t)  fcos(2nft)  -  1  sin(2rft)ldt.  (3) 

w  -  CO 

Since  F(f)  is  a  complex  function,  it  may  be 
written  in  terms  of  its  real  and  imaginary  parts: 

F(f)  -  R(f)  +  i  1(f)  (4) 

Since  x(t)  is  a  real  function,  the  real  and 
imaginary  parts  of  F(f)  can  be  written  as: 


R(f)  = 

f®  x(t)  cos(2rft)  dt 

v  "00 

(5) 

1(f)  » 

P  x(r)  sin(2rft)  dt. 

-00 

(6) 

Now  observe  from  Equations  (5)  and  (6)  that, 
since  R  and  1  are  functions  of  f  alone,  and  since 
the  cosine  is  an  even  function  and  the  sine  is 
odd,  the  real  part  of  the  transform  (of  a  real 
function)  is  even  and  the  imaginary  part  is  odd; 
in  symbols: 

R(£)  =  R(-f )  (7) 

1(f)  =  -  l(-f)  .  (8) 

In  other  words,  F(-f)  is  the  complex  conjugate 
of  F(f).  This  being  the  case,  only  positive  or 
negative  values  are  required  to  fully  specify 
the  Fourier  transform  of  a  real  function. 

Finally,  noting  Equations  (5)  and  (6)  at  f  =0, 
the  imaginary  part  goes  to  zero  at  zero  frequency, 
which  means  the  Fourier  transform  is  real  at 
zero  frequency. 


DISCRETE  TRANSFORM  THEORY 

We  now  proceed  to  develop  a  discrete  formu¬ 
lation  of  the  above  pair.  The  folj^wing  develop¬ 
ment  is  an  expanded  and  specialized’ presentation 
of  an  original  proof  by  Cooley,  Lewis  and  Welch. ^ 
Consider  the  function  obtained  by  sampling  x(t) 
at  the  rate,  S  (samples  per  second),  as  shown  in 
Figure  1.  The  time  interval  between  the  samples 
will  be: 

*  "  ?  •  <9> 

This  new  function  (the  sampled  version  of  the 
continuous  function,  x(t))  may  be  exactly 
written  by  restricting  Equation  2  to  only 
discrete  values  of  time.  This  is  accomplished 
bv  expressing  time  as: 

t  =  jAt,  (9a) 

where  j  =  0,  -yl,  i2,  i3,  .  .  .  .  ±w  . 
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Urns*  bv  substituting  liquations  (l>d)  and  (9)  into 
Equation  (2),  i\w  sampled  version  of  x(t)  is: 


Fp(f  +  S)  -  £  F(f  +  S  +  kS) 

k=-co 


)  It)  =  '  FU  )  <?*  1  11  /S  df  • 


This  infinite  intCKr.il  is  now  written  ns  an 
infinite  sum  of  manv  finite  integrals,  each  of 
duration  S,  indexed  bv  the  integer  k,  as  follows: 


MU.)  -  t  [•<M>sF(0.2-lJt/sdrl  .  m 
k  =  -.  [■  kS  J 

2- i if /$ 

Since  e  '  J  Is  a  periodic  function  of  period 
Sr  it  is  advantageous  to  change  the  variable  of 
integration  In  Equation  (11)  as  follows,  bet: 


Therefore, 


f  =  f'  +  kS. 


df  =  df'. 


the  new  integration  limits  are  found  by  noting  in 
Equation  (12)  that  f  *  0,  when  f  =  kS ,  and  that 
f'  »  S,  when  f  =  (k  +  1)S.  The  substitution  of 
these  integration  limits.  Equations  (12)  and 
(12a)  into  (11),  and  noting  that  e^ijk  =  1  for 
integral  values  of  j  and  k,  yields: 


x(jit) 


«  f  i 

Jl  [*« 


S  F(f 1  +  kS)  e2riJf’/S  df' 


Thus  the  change  of  variable  eliminates  k  from  the 
limits  of  integration  and  will  permit  the  inter¬ 
changing  of  the  summation  and  Integral  signs. 

This  can  be  seen  by  writing  a  few  terms  of  the 
summation  of  Equation  (Id),  grouping  these  terms 
under  one  Integral  sign,  and  factoring  the 
exponential  and  the  differential  factors  irom 
each  term;  thus  Equation  (13)  becomes: 


x(jit) 


£  f(f'  +  kS)  « 


2rijf '/S 


The  inner  summation  may  be  used  as  the  definition 
of  a  new  function, 

00 

F„(f')  -  £  F(f  +  kS).  (15) 

p  k— x 

Using  this  definition  in  Equation  (14),  we  obtain: 
x(JAt)  -  "J  Fp(f')  e2rlj£'/S  df'  .  (16) 

Equation  (14)  is  written  in  terms  of  a  variable 
f  which  required  a  range  of  values  from  0  to  S, 
as  was  implied  in  Equation  (12).  Sow,  consider 
the  ramifications  of  permitting  f'  in  Fp(f')  to 
take  on  all  values.  The  effect  is  to  make 
Equation  (15)  applicable  for  wider  values  of  f 
and  in  fact  Fp(£)  becomes  periodic  of  period  S. 
Note  that  from  Equation  (15): 


-  £  F[f  +  (k  +  1)  ST.  (17) 

k»-co 

Since  (k  +  l)  is  an  integer  and  also  varies  from 

-oo  CO  co : 


£  F[f  +  (k  +  1)  S]  -  £  F(f  +  kS).  (17a) 

k--oo  k*-co 

Thus  from  Equations  (15,  17,  17a),  it  can  be 
seen  that: 

Fp(f)  =  Fp(f  +  S)  (18) 

and  therefore,  F-(f)  is  a  periodic  function  with 
period  S  as  shown  in  Figure  3.  As  will  be  seen, 
this  development  requires  the  periodicity  of 
Fp( f) .  Thus  we  drop  the  primes  in  Equation  (15) 
and  rewrite  it  in  terms  of  the  original  f, 
anticipating  that  we  shall  account  for  the  effects 
later  in  tho  section  on  aliasing: 

Fp(f )  -  £  F(£  +  kS).  (15a) 

k“-oo 

The  other  primes  in  Equation  (16)  may  be  dropped 
since  the  integration  has  the  limits  0  and  S: 

x(jAt)  -  f  F  (£)  e2niJf/S  df.  (16a) 

J0  r 

Sow,  since  Fp(t)  is  periodic,  it  has  a 
Fourier  series  expansion  (see  Reference  5,  p.  43); 
hence  we  can  write: 


FP<f>  -  £  Cj 


-2rljf/S 


df'.  (14)  where  the  coefficients,  Cj,  are  given  by: 


Cj  .  1  fo  Fp(f,  .W*  «. 


By  comparing  Equation  (16a)  and  Equation  (20)  it 
becomes  clear  that: 

Cj-|x(jAt).  (21) 


Therefore,  Equation  (19)  becomes: 

F_( f )  -  I  £  x(JAt)  e'2rljf/S.  (22) 


Fp( f )  given  by  Equation  (22)  is  a  continuous 
function  of  frequency  represented  by  an  infinite 
series.  To  obtain  the  finite  Fourier  transform, 
we  sample  F_(f)  between  0  and  S  at  N  intervals, 
3f  apart,  such  that: 

if  «  S/N  .  (23) 
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Figure  3.  The  different  transform  regions. 


Frequency  at  the  sampling  points  is  expressed 

as: 

f  -  nAf,  (24) 


where  n  ■  0,  1,  2,  3 . N  -  1. 


Substitution  of  Equations  (23)  and  (24)  into 
(22)  yields: 

Fp(nAf)  »  |  E  x(JAc>  e-2,,1Jn/N.  (25) 


In  Equation  (25) ,  the  quantity  e*  n  is 
a  periodic  function  of  n  with  period  N. 
Accordingly,  the  automation  is  expanded  into  an 
infinite  sequence  of  short  sums  each  of  N  terms, 
with  each  sum  indexed  by  as  follows: 


Let  j  *  J1  +  .IN.  Now  when  j  »  4N,  j1  *  0,  and 
when  J  ■  +  N  -  1,  J'“N-1.  Also  note  that 

e-2niln  «  i  for  all  values  of  the  integers  (, 
and  n.  Substitution  of  the  above  into  Equation 
(25a)  yields: 


the  two  summations  in  Equation  (i5b)  can  be 
interchanged.  Also  the  primes  need  not  be 
retained  on  the  J's  as  will  be  explained  below. 
Hence,  Equation  (25b)  becomes: 


Fp(nAf) 


E  +  *MAt) 

•L“*a> 


e-2nijn/N 

(26) 


As  in  Equation  (15),  one  can  define: 


xp( J4t)  -  £  xOAt  +  WO.  (27) 

Including  this  final  concept  into  Equation  (26), 
we  obtain: 

Fp(nAf)  ■=  |  J?  xp(JAt)  e*2’,1Jn/N  .  (26) 

j«0 

Equation  (28)  is  finally  the  discrete  Fourier 
transform  of  the  discrete  sequence  of  points 
xp(jAt).  the  result  sought.  The  dropping  of  the 
primes  on  j  is  explained  in  the  same  way  as  in 
the  dropping  of  the  primes  on  f'  following 
Equation  (16).  Considering  j  in  Equation  (27) 
as  taking  on  all  values  similarly  results  in 
xp(nAt)  becoming  periodic  in  this  case  with 
period  NAt. 


Fp(nAf)  -  ?  t  [sjNw  +  WAO  e"2nij 'n/Nj  _ 

(25b) 

By  an  expansion  and  regrouping  as  was  done  in 
justifying  the  interchange  of  the  sum  and 
integral  in  Equation  (13),  it  can  be  shown  that 


Equation  (27),  which  is  similar  to  Equation 
(15a),  is  a  device  that  permits  us  to  evaluate 
the  effects  of  truncating  the  infinite  summation 
of  the  mathematical  concept  of  the  continuous 
Fourier  Transform.  Thus  while  Equation  (1) 
requires  integration  over  all  time,  Equation 
(27)  in  an  understandable  way,  eliminates  this 
requirement..  Referring  again  to  Figure  1,  in 
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i*n  ;>r  ktu.tl  i.»m‘  iht  transient  at  interest  has 
a  ttnite  liutntian,  1,  .nut  at  all  other  times  is 
/ei.».  I'iiis  'v'lnle  1  <tu.il  l on ( 2 7 )  tor.nallv  includes 
.ill  time,  it  permits  us  to  include  all  time  with 
a  I  mite  number  o!  samples.  Figure  *♦  illus¬ 
trates  this  more  c le.tr Iv.  We  del  me  r  c  N't. 

Now  consider  the  sumrut ion  of  hqu.it ion  (-7)  for 
one  ot  the  values  of  j.  The  equation  requires 
the  sum  of  the  x's  at  )  \t »  j\t+l,  )  At  +  21*.  and 
so  one,  as  well  as  at  j 't  -  1*,  jot  -  2T,  etc. 

But ,  it  the  transient  is  all  contained  within 
the  interval  0-T.  the  value  of  Sj,  for  this  )  is 
mere l v  the  value  ot  the  transient  at  c  =  jAt, 
all  the  other  values  are  /.vr o.  Additionally , 
the  periodu  itv  of  \p  is  also  made  apparent  by 
Figure  4,  it  is  clear  that  x  as  given  bv 
Equation  (27)  will  have  the  same  values  jAt, 
jAt  +  T,  jAt  -  21,  etc.  fhis  periodicity  is 
lequired  in  the  development  of  the  inverse 
transform  relation. 

The  inverse  discrete  Fourier  transform 
relation  can  be  obtained  by  redoing  the  above 
series  of  steps,  except  that  this  time  Equation 
(1)  is  sampled.  The  complete  set  of  analogous 
steps  leads  to  the  result: 

N-l 

x  <).\t)  =7  £  F  (rif)  e2rijn/X  .  (29) 

1  n=0 

Recoiling  Che  definitions  of  S  (the  sampling 
rate),  N  (the  number  of  frequency  samples)  and 
T  (the  duration  of  xp),  Equations  (27)  and  (28) 
mav  be  rewritten  in  the  following  more  convenient 
farms  :• 

Fp(nif)  =  t  xp(jAt)  e*2rijn/N’  (30) 

‘  j=0 

T  Np(jit)  =  *£  Fp(nAf)  e2::1Jn/N’  .  (31) 

n=0 

The  discrete  Fourier  transform  pair,  Equations 
(30)  and  (31),  constitutes  the  primary  result  of 
this  section.  It  is  reassuring  to  show  that 
Equations  (30)  and  (31)  do  indeed  transform  to 
each  other.  This  can  be  shown  by  direct  substi¬ 
tution  which  is  carried  out  in  the  Appendix  end 
in  Reference  7 

Some  final  explanation  is  yet  required.  The 
discrete  transform  pair  Xp(jAt)  and  Fp(nAf)  will 
equal  the  corresponding  continuous  functions 
x(t)  and  F(f)  at  the  sampling  points  according 
to  the  following  precise  rules: 

•~C> 

Xp(j‘t)  =  £  x(j\t  +  3,N\t)  0  <  j  £  S  -  1  (27) 


F  (nit)  *  V  F(n "if  +  kS)  0  s  n  s  S  •  1.  (32) 

1  k  —  -  “r 

Thus  so  long  as  x(t)  Is  non-zero  onlv  in  the 
interval  O-.V.t,  xp(j'-*t)  will  equal  the  function 
,«l  the  discrete  noints.  We  must  be  careful 
however  in  e -.a run i in:  Equation  (32)  to  cstablisn 


the  relation  between  the  two  transforms.  From 
the  previous  discussion  of  the  characteristics 
of  Fourier  transforms  of  real  functions,  <t  was 
established  that  the  transform  for  negative 
values  was  the  complex  conjugate  of  that  for 
positive  values.  This  fact  leads  to  the  conclu¬ 
sion  that  the  sampling  rate,  S,  must  be  high 
enough  so  that  the  Fourier  transform  has  no 
values  for  frequencies  In  excess  of  S/2.- 
Consider  a  Fourier  transform  of  a  real  function 
that  has  the  values  shown  in  Figure  3  between 
0  and  S/2.,  Because  its  values  for  negative 
arguments  must  be  complex  conjugates  of  these 
for  positive  values,  It  must  also  appear  as 
shot, mi  between  0  and  -S/2.  Now  if  the  values  of 
the  discrete  transform  are  formed  according  to 
Equation  (32),  the  function  must  be  periodic  of 
period  S  as  shown  in  Figure  3  for  the  full  range 
of  S.  If  the  function  is  such  that  its  Fourier 
transform  has  non-zero  values  outside  the  range 
-kS  <:  f  s  3jS,  discrete  transformation  will  form 
the  sum  Indicated  In  Equation  (32)  and  what  are 
termed  "aliasing"  errors  will  occur.  These  will 
he  discussed  later  under  sampling.  Finally, 
then,  on  Figure  3,  the  values  returned  by  the 
various  standard  computer  programs  usually  lie  In 
the  range  0  s  f  £  l2S;  the  actual  corresponding 
continuous  transform  would  have  values  In  the 
range  -^S  f,  f  £  'iS ;  and  the  Fp(f),  which  is 
periodic,  has  values  all  along  the  axis.  The 
symmetry  of  the  transform  resolves  a  superficial 
inconsistancy  in  that  Equations  (30)  and  (31) 
appear  to  return  N  complex  values  of  the  trans¬ 
form,  F(f),  for  N  samples  of  x(t),  and  since  the 
F's  are  complex  this  would  indicate  a  return  of 
two  values  for  each  unknown  entered.  As  explained 
above  no  aucl  situation  occurs;  half  the 
Indicated  values  of  the  trar3form  between  0  and 
S  are  redundent. 

In  summary,  we  selected  a  sampling  rate  S 
which  in  turn  set  the  time  interval  between 
samples  since: 

Ar  =  1/S.  (9) 

This  resulted  in  making  our  computed  transform 
psriodic  with  period  S.  We  sampled  the  values 
of  this  periodic  transform  at  N  frequencies, 
thus  the  interval  between  sampled  values  of  the 
transform  became  in  Equation  (23): 

Af  =  S/S  .  (23) 

This  sampling  in  turn  caused  the  time  function 
to  be  considered  periodic  with  period  NAt.  The 
duration  of  che  time  function,  T,  is  taken  equal 
to  this  period,  thus. 

T  =  XA<  (33) 

Combining  Equations  (9),  (23)  and  (33)  we  see 
that  the  frequency  interval  is  given  byt 

If  =  1/1  .  (34) 
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Figure  4.  the  development  of  Xp(j.it)  from  x(t). 


Thus  the  sampling  rate  set  the  upper  frequency 
limit  (S/2)  of  the  Fourier  Transform  and  the 
duration  of  the  transient  set  the  frequency 
Increment  between  the  computed  values  of  the 
transform. 


M-l  .  . 

«,  ■  c„  ■>  £  ", 

J  n«l 


M-l 

+  E 


e-lirjm/M  +  ^  ei«J 


TRIGONOMETRIC  FORMS 

A  trigonometric  form  of  Equation  (31)  will 
now  be  developed,  since  most  results  from  the 
computers  are  returned  in  these  forms.  It  is 
helpful  to  consider  the  sum  on  the  basis  of  2M 
points  rather  than  N  and  to  simplify  the  nota¬ 
tion  of  Equation  (31)  as  follows: 

Gn  =  Fp(nAf)/T  (35) 

Xj  *  xp(j At) •  (36) 

Thus  Equation  (31)  may  be  written: 


“  E_  Gn 


airjn/M 


This  sum  can  be  written  as  follows: 

X^Co+E  One^M  ei«i 

n=l 


2K-1 

+  E  Gn  e 

n=Hfl 


irjn/M 


Consider  a  new  summation  index  m  such  that: 

m  =  2M  -  n.  (39) 

When  n  =  M+  l,m  =  M-l,  end  when  n  =  2M  -  1 , 
m  ■  1.  Substituting  this  new  index  into  the 
second  sum  of  Equation  (38)  (noting  that 
e2rij  ,  yields:. 


The  two  summations  of  Equation  (40)  can  be 
combined  and  the  complex  exponentials  written 
trigonometrically  such  that  they  become: 

M-l. 

E  5Gn  [cos(r jn/M)  +  i  sln(njn/M)l 
n=l  * 

+  G^2M  nj[cos(nJn/M)  -  i  sin(«jn/M)]|. 

This  can  be  simplified  to  yield: 

M-l. 

Etf°n  +  G2m-J 
n=ll 

+  *  [Gn  *  G2M.n]  sin(fl jn/M)| . 


Finally  define: 


Gn  +  Go 


bn  *  *<Gn  -  G2M-n) 

and  note  that  =  (-1)^.  Making  the 

indicated  substitutions  yellds: 

M-l 

xf  *  Go  +  E  [cn  cos(rjn/M) 

J  n=l 

+  bn  sin(rjn/M)1  +  GM(-1)^, 
the  general  trigonometric  form. 
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Hie  most  compact  trigonometric  form  ‘.s 
owe  loped  liv  noting  the  consequences  of  extending 
the  summation  m  liquation  (43)  from  0  to  M.  The 
coeliicients  by  and  b^  would  not  be  involved 
since  the  sine  would  be  zero  I  or  both  values  of 
n.  When  n=M,  the  cosine  term  would  behave 
identically  to  (-i)l  and  the  extension  is  com¬ 
plete.  Thus  the  compact  form  is  :• 

M 

X,  r  £  lcn  cos(rjn/M)  +  bn  sin(ffjn/M) ].  (44) 

n=0 


From  Equations  (35),  (4i)  and  (42)  the  c's,  b's, 
and  original  Fp's  are  related  by:- 

cn  nif )  +  Fp  f (2M-n)  Afl|/T  (45) 

b„  -  ijFp(nlf)  -  Fp[(2M-n)  Afj|/T  (46) 

except  for  the  two  special  cases  of  n: 

cQ  -  Fp(0)/T  (47) 

cM  =  Fp(MAf)/T.  (48) 

Since  the  IBM  Corporation  makes  many  of  its 
programs  available  to  its  large  number  of  users, 
the  form  of  the  output  of  the  IBM  Subroutine 
RHARM®  is  automatically  a  common  form  and  must 
be  referenced.  RRARM®  uses  the  Cooley-Tukey*- 
Fast  Fourier  Transform  (FFT)  Algorithm  by 
calling  subroutine  HARM'  which  uses  the  FFT 
algorithm  and  was  written  by  Cooley.  The 
transform  computed  by  RHARM  is  returned  as  a 
set  of  a's  and  b's  such  that  the  original  2N 
input  amplitudes  are  given  by: 

N-l 

Xj  *  ^a0  +  £  "^k  cos(r jk/N) 
k*l 


+  bk  sin(r  jk/N)'  +  %aj-(- 1) J  . 

(49) 

By  comparing  Equation  (49)  and  (44) 
that : 

one  finds 

W  -  c0  *  Fp(°)/T 

(50) 

^aM  -  Cj.,  -  Fp(M)/T 

(51) 

ak  *  cn 

(52) 

bk  *  bn 

(53) 

Actual  values  of  the  continuous  transform  are 
obtained  as  follows.  Since  it  has  been  shown 
that  the  Fp(nAf)'s  equal  the  continuous  integral 
transform  at  the  discrete  frequency  values 
(nuf),  we  should  specifically  derive  the  rela¬ 
tionship  between  the  Fp's  and  the  a's,  b's  and 
c's.  Following  Equation  (8)  it  was  concluded 
that  for  real  functions  negative  values  of  the 
transform  were  complex  conjugates  of  the  posi¬ 
tive  values,  and  since  we  have  shown  in  the  text 
following  Equation  (32)  that  values  of  Fp  between 


M  and  2M  are  identical  to  the  negative  values 
(since  Fp  is  periodic,  see  Figure  3)  one  may 


write : 


Fp(n)  «  Fp  (2M-n) 


(54) 


where  Fp  indicates  the  complex  conjugate.  Thus 
if  Fp  has  a  real  and  Imaginary  part  given  by: 

Fp(n)  «  R(n)  +  I(n)  (55) 

one  may  also  conclude  that: 

Fp(2M-n)  =  R(n)  -  I(n).  (56) 

Rearranging  Equations  (45)  and  (46)  yields: 


T  cn  -  Fp(n)  +  Fp(2M-n) 

(57) 

-i  T  bn  -  Fp(n)  -  Fp(2M-n) . 

(58) 

Addition  of  Equations  (57)  and  (58)  yields: 


Fp(n)  -  *T(c„  -  1  bn).  (59) 

For  completeness,  we  repeat  Equations  (47)  and 
(48)  : 

Fp(0)  -  T  cQ  (47) 

Fp(M)  -  T  c,,.  (48) 


INTERMEDIATE  VALUES  OF  THE  TRANSFORM 

Any  discrete  Fourier  transform  computation 
of  necessity  only  returns  values  at  discrete 
frequencies  and,  as  was  shown  In  Equation  (34), 
the  frequency  increment  is  1/T  the  duration  of 
x(t).  In  the  analysis  of  mechanical  shock  data 
where  the  duration  is  often  only,  milliseconds, 
the  resulting  frequency  increment  is  undesirably 
coarse.  In  this  section  we  develop  the  formulae 
for  the  determination  of  intermediate  values  of 
the  transform. 

Thus,  utilizing  the  computed  discrete  values 
of  the  Fourier  transform,  we  seek  the  values  of 
the  transform  for  any  value  of  the  frequency,  f. 
Equation  (1),  the  defining  equation,  is  repeated 
below: 


F(f) 


r"  x(t)  e'2rift  dt. 


(1) 


For  the  case  where  x(t)  is  non-zero  only  when  t 
is  between  0  and  T,  Equation  (1)  becomes. 


F(f)  -  'T  x(t)  e*2rift  dt. 
‘0 


(60) 


The  values  of  F(f)  for  the  discrete  points  nAf 
or  by  Equation  (34)  n/T,  have  previously  been 
computed.  These  discrete  values  may  be 
expressed  as  (since  f  *  nAf  “  n/T): 
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F(n)  *  f'r  x( t )  e-^lnc/i  Jt.  (6i) 

"0 

Since  x(t)  has  non-zero  values  only  between  0 
and  T,  we  take  it  to  be  a  periodic  function  with 
period  T  and  expand  it  as  a  Fourier  series  as 
follows : 


Expanding  the  first  tew  terms  of  the  sum  shows 
that  the  sum  and  integral  sign  can  he  inter¬ 
changed.  Making  that  interchange  and  performing 
the  integration  yields:- 

M  v  ,  -2rifT  .. 

F(f)  =  S  T*  2ri(n/T-f)  *  (69' 


x(t)  =  £  An 


i2mt/T 


where  the  An  are  given  by: 

,  1  pT  -I2itnt  ... 

A -  =  f  x(t)  e  dt.  (63) 

n  T  J0 

Equation  (63)  is  equivalent  to  Equation  (61)  if 
A„  is  given  by: 


A  11 

An  ■  — 


Using  Equation  (64)  in  (62) ,  we  form  an 
expression  for  Xp(t),  a  periodic  function  that 
equals  the  original  x(t)  in  the  interval 
0  s  t  s  T,  as  follows : 


xp(t)  -  £  — 


Fn  2nlnt/T 
T  e 


Equation  (69)  is  the  final  result  and  proves 
that  the  intermediate  values  are  recoverable 
from  the  discrete  values. 

In  order  to  use  Equation  (69)  it  must  he 
expressed  in  terms  of  the  a's,  b's  and  c's  tnat 
are  computed  by  tne  computer  programs.  Recall 
that,  from  Equation  (59): 

Fp(n)  =  %T(cn  -  i  bn).  (59) 

Following  Equation  (8),  it  was  shown  that 
Fp(-r.)  wss  the  complex  conjugate  of  F  ( n ) ; 
hence : 

Fp(-n)  =  bT(c„  m  i  bR).  (70) 

Equations  (59)  and  (70)  are  applicable  for  all 
n  between  0  and  M.  At  the  limits  of  n,  from 
Equations  (u7)  and  (48)  and  the  complex  conju¬ 
gate  result,  one  obtains: 


For  any  case  in  which  we  take  2M  samples  at  a 
rate  S  such  that  F(f)  ■  0  for  f  >  (i.e.,  at 

a  rate  to  preclude  "aliasing"),  F(n)  »  0  for 
n  >  H  and  Equation  (65)  becomes : 

V‘>  ‘  E  T  ■z’i",,T-  <«* 

F  n— M  1 

Now  define  a  rectangular  function,  pt(t)  such 
that: 

pt(t)  ■  1,  when  0  s  t  jt  T 


Pt(t)  «  0  for  all  other  t. 

By  forming  a  product  of  Equations  (65a)  and  (66) 
we  obtain  a  useful  expression  for  the  origin*:''. 
x(t): 

x(t)  «  pt(t)  xp(t)  -  pt(t)  £  y  e2’'int/T.  (67) 


Form  the  Fourier  transform  of  Equation  (67)  as 
follows : 


y0)  -  t  c0 


Fp(-M)  =  T  cM. 


Substitution  of  the  above  relations  for  the 
Fp's  in  Equation  (69)  yields,  after  some  simpli¬ 
fication: 

/i  -2rif  T.  / Cn  2fcu 


(1  -  e  1  *)  fc0 
2ri  l  f 

(fcn  -  1  b„  n/T)  l 

»  .  n2/T2)  f  • 


By  adopting  the  convention  that  bQ  »  0,  we  can 
slightly  condense  Equation  (71)  to: 


2ri 


-2'ifT. 


If2  -  M2/!2 


(f c„  -  i  bn  n/T)  1 

+  (f2  -  n2/r2)  : 


F(f )  «  Pt(t)£  ^-e2'lnt/T  •  e'2'ift  dt. 

-  (68, 

By  Equation  (66)  this  becomes: 

F(f )  *  "T  T*  III  e2'int/T  .  e-2'ift  dc>  (6ga) 
v0  n*-M 


At  first  inspection.  Equation  (72)  appears  to 
have  zeros  in  denominators  at  th*  integer  fre¬ 
quencies,  f  *  0,  M/T,  n/T.  A  zero  is  also 
formed  in  the  numerator  by  the  exponential  term 
thus  yielding  an  indeterminate  form.  Application 
of  standard  rules  for  evaluating  indeterminate 
forms9  yields  the  correct  value,  thus  checking 
the  accuracy  of  the  algebra. 
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Finally,  Equation  (71)  may  also  be  written 
in  terms  of  the  a's  and  b's  of  the  output  of 
Subroutine  PHARM.®  Substitution  of  Equations 
(50)  through  (53)  in  Equation  (71)  yields: 


F(f) 


-2rifT 


2ni 


1/IfO 

U  f 


+ 


m2/t2 


(f  ak  •  i  bk  k/T)  1 
fcl  (f2  -  k2/T2)  f  ‘ 


(73) 


By  adopting  the  convention  that  -  0,  the 
above  may  be  written  more  simply  as: 


F(f) 


(1  -  e~2illfT)  j  1  ^0 
•  2ni  \2  f 


k  (f  ak  '  1  bk  k/T)  1 

|£l  (f2  -  k2/T2)  t  ' 


(74) 


Thus,  any  of  the  Equations  (71)  through 
(74)  can  be  used  with  a  set  of  the  computed 
constants  to  compute  Intermediate  values  of  F(f) 
at  intermediate  frequency  values.  NCEL  has 
found  it  helpful  to  plot  the  Fourier  transform 
as  a  function  of  the  log  of  the  frequency,  and 
to  this  end  selects  frequencies  for  F(£)  evalua¬ 
tion  from  the  following  formula: 

f  .  10  (75) 

where  j  «  1,  2,  3,  ...  k,  the  interpolation 
index.  It  will  be  noted  that  integer  values  of 
j  generate  100  frequencies  between  each  power 
of  10.  Thi  interpolation  index,  k,  selects  the 
maximum  frequency  computed. 


SAMPLING  AND  DIGITIZATION 

Most  generally,  shock  data  is  delivered  in 
analog  continutus  form  on  magnetic  tape.  The 
data  has  already  been  filtered  to  some  extent 
by  the  instrumentation  and  the  upper  frequency 
capabilities  of  the  transducer  instrumentation 
combination.  We  then  digitize  this  analog  data 
into  a  sequence  of  digit-  ">r  analysis.  It  is 
well  to  stop  and  reflect  on  any  inherent 
inaccuracies  in  digitization. 

Ail  realizable  mechanical  shock  transients 
have  Fourier  transforms,  and  the  magnitude  of 
the  transform  at  any  frequency  is  generally 
referred  to  as  the  frequency  content  of  the 
pulse.  Of  necessity,  the  data  recording  system 
has  upper  frequency  limitations;  thus  all 
recorded  data  is  band  limited.  At  least  some 
upper  frequency  exists  beyond  which  information 
contained  has  nothing  to  do  with  the  shock 
transient.  Thus  we  say  chat  the  recorded  analog 
signal  is  band  limited  meaning,  that  the  magni¬ 
tude  of  its  Fourier  transform  is  zero  aoove  some 
upper  frequency  which  is  termed  the  cut-off 
frequency. 


The  sampling  theorem  of  information  cheoryAU 
then  provides  a  most  useful  too)  in  discussing 
accuracy  of  sampled  data,  and  we  quote  Shannon's 
original  statement  of  it:2®  "If  a  function  f(t) 
contains  no  frequencies  higher  than  W  cps,  it 
is  completely  determined  by  giving  its  ordinates 
at  a  series  of  points  spaced  1/2W  seconds  apart." 
The  proof  is  given  in  many  references*--2*®!  •  ** 
and  was  substantially  followed  in  the  development 
on  intermediate  values  here.  Thus  if  we  assure 
that  the  sampled  function  had  zero  frequency 
content  beyond  the  cutoff  frequency  which  was 
indeed  half  our  sampling  rate,  uc  are  assured 
that  our  .igitized  function  is  a  complete 
representation  of  the  recorded  shock  transient 
and  that  no  inaccuracies  were  inherently  intro¬ 
duced  due  to  digitizing.  A  converse  theorem 
which  has  been  proved3  states  that  if  a  function 
is  finite  its  transform  is  completely  determined 
by  values  at  a  series  of  points.  This  predicts 
the  existence  of  the  preceeding  derivation  of 
formulae  that  do  Indeed  yield  intermediate 
values  for  the  discretely  defined  transform 
returned  by  the  digital  computer  FFT  algorithms. 

To  assure  that  the  recorded  signal  has  no 
frequency  content  beyond  the  cut-off  frequency 
is  difficult,  however,  and  means  must  be  sought 
to  assure  this.  Therefore,  the  ramifications  of 
too  low  a  sampling  rate  or  "aliasing"  must  be 
considered.  Since  many  fine  presentations 
already  exist,  we  shall  only  touch  upon  it 
briefly.  Hanning*-*-  presents  a  helpful  explana¬ 
tion  and  theoretical  development  to  show  the 
inception  of  aliasing  when  the  frequency  content, 
exceeds  half  the  sampling  rate.  To  illustrate 
for  those  not  already  familiar  with  aliasing, 
consider  that  a  motion  picture  samples  a 
continuous  event  at  about  16  frames  per  second. 
According  to  the  sampling  theorem,  as  such  it 
will  offer  distinguishable  information  on 
phenomena  with  frequency  content  less  than  8 
cycles  per  second.  When  a  spoked  wheel  rolls 
such  that  more  than  8  spokes  per  second  pass  an 
observable  position,  the  viewer  is  unable  to 
distinguish  the  actual  frequency;  the  wheel 
often  appears  to  be  rolling  unrealistically 
slow  or  even  backwards.  This  is  often  referred 
to  as  a  stroboscopic  effect. 

Aliasing  can  also  be  appreciated  with 
reference  to  our  development  of  the  finite 
Fourier  transform.  Discretization  of  continuous 
data  at  a  sampling  rate,  S,  effectively  results 
in  forcing  the  transform  of  the  sampled  data  to 
be  cumulatively  composed  of  the  spectrum  of  the 
continuous  data  according  to  Equation  (15a) 
repeated  below: 

Fp(f )  -  £  F(f  +  k  S).  (15a) 

k«-» 


Thus,  thinking  for  illustrative  purposes  of 
amplitude  only,  imagine  the  transform  of  a 
function  sampled  at  too  low  a  rate  as  shown  in 
Figure  5.  The  actual  transform  of  the  continuous 
function  has  non-zero  values  for  frequencies 
greater  than  ^S,  shown  as  a  solid  line  in  the 
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Figure,  The  computed  transform.  F_ff);  •hewn 
dotted,  is  formed  according  to  Equation  (15a). 
For  example,  the  value  at  f|  is  composed  of  the 
value  of  actual  transform  at  f|  and  fjy-S.  One 
can  easily  see  that  these  errors  become  severe 
as  the  sampling  rate  S  is  decrearad. 


Finally,  even  though  one  may  have  many 
reasons  to  believe  that  recorded  data  will 
contain  no  frequencies  beyond  some  reasonable 
limit  entirely  compatable  with  reasonable 
sampling  rates,  one  must  be  assured  that 
extraneour  effects  have  not  introduced  high 
frequency  signals  that  may  give  rise  to 
aliasing  errors.  Filtering  is  often  suggested 
as  a  means  to  assure  the  absence  of  unwanted 
high  frequency,  but  filtering  may  introduce 
undesirable  phase  shifts  in  transient  data. 

Test  runs  with  vastly  increased  sampling  races 
to  note  differences  in  the  resulting  computed 
transforms  appear  to  be  the  only  reasonable  means 
to  use  for  indicating  the  absence  of  ali  ’g 
errors.  One  is  certainly  comforted  if  enu  ampli¬ 
tudes  approach  zero  with  increasing  frequency, 
and  while  one  can  be  fairly  certain  of  errors 
if  this  is  not  the  case,  one  cannot  be  assured 
of  accuracy  even  though  it  is. 


CONCLUSION 

In  summary,  increased  use  of  digitally 
computed  Fourier  transforms  and  related  functions 
for  mechanical  shock  analysis  is  expected.  For 


example,  since  modal  velocity  has  been  shown  a 
strong  Indicator  of  stress  and  damage,*-*  trans¬ 
forms  of  velocity  are  expected  to  indicate 
shock  hardness.  The  theoretical  transition 
from  the  continuous  to  the  discrete  Fourier 
transform  is  subtle  and  complicated.  This 
report  has  presented  that  theory  written  speci¬ 
fically  for  mechanical  engineers.  The  report 
begins  with  the  continuous  Fourier  transform 
pair  and  presents  a  self-contained  development 
o;  the  discrete  Fourier  transform  pair, 

Equations  (30)  and  (31).  This  discrete  pair  is 
written  in  terms  of  periodic  or  "aliased" 
extensions  of  the  original  continuous  transform 
pair  defined  by  Equations  (15a)  and  (27).-  Various 
trigonometric  forms  that  are  more  commonly 
generated  by  the  available  computer  programs 
are  given  in  Equations  (43),  (44)  and  (49). 
Formulae  for  the  exact  determination  of  trans¬ 
form  values  at  intermediate  frequencies  are 
given  in  Equations  (69),  <72)  and  (74).  Finally, 
the  theory  to  predict  sampling  rate  adequacy 
and  maximum  "aliasing’’  errors  is  given.  The 
material  has  been  organized  to  enable  a  test 
engineer  to  use  .-.nd  evaluate  the  results  of  a 
digital  Fourier  analysis  of  digitized  mechanical 
shock  data. 
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SYMBOLS 

Ct  Fourier  series  coefficient,  Equation 

(20) 

F(f)  Fourier  transform,  see  Equation  (1) 

F„  Fp(nAf) 

Fp  Complex  conjugate  of  Fp 

Fp(f)  Periodic  transform,  "aliased"  version, 

see  Equation  (15a) 

Fp(n)  Fp(nAf) 

Gn  Simplified  notation  for  discrete  trans¬ 

form  values,  see  Equation  (35) 

1(f)  Imaginary  part  of  F(f),  Equation  (8) 

I(n)  l(nAf) 

M  N/2,  Equation  (37) 

N  Total  number  of  intervals  in  duration 

of  function,  Equation  (23) 

R(f)  Real  part  of  F(f),  Equation  (7) 

R(n)  R(nAf) 

S  Sampling  rate,  samples  per  unit  time. 

Equation  (9) 

T  Duration  of  xp(t),  Equation  (33) 

Xj  Simplified  notation  for  discrete  time 

function,  see  Equation  (36) 

at  Trigonometric  form  coefficient,  Equation 

(49) 

bn  Trigonometric  form  coefficient.  Equation 

(42) 

cn  Trigonometric  form  coefficient,  Equation 

(41) 

e  Base  of  natural  logarithms 

f  Frequency,  cycles  per  unit  time 

f'  Reduced  range  frequency.  Equation  (12) 

i  Imaginary  constant,  V^Y 

j  Time  index  integer  such  that  incremental 

time  is  denoted,  t  =  jit,  j  =  0,  il ,  2, 
3,  .  .  . 


j'  Reduced  range  time  index  integer, 

Equation  (25c) 

k  Summation  integer,  Equation  (11) 

4  Summation  integer,  Equation  (25b) 

m  Summation  index  integer.  Equation  (39) 

n  Frequency  index  integer ,  such  that 

frequency  is  denoted,  f  =  nAf,  n  =  0, 
il,  2,  3,  .  .  . 

pc  Rectangular  function,  Equation  (66) 

t  Time 

x(t)  A  function  of  time 

Xp(t)  Periodic  . -  aliased"  version  of  x(t), 
Equation  (»  j 

Af  Frequency  increment,  Equation  (24),  also 

shown  equal  to  1/T,  Equation  (34) 

At  Time  increment,  Equation  (9) 
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APPENDIX 

In  order  to  prove  Chat  Equations  (30)  and 
(31)  constitute  a  transform  pair,  the  right 
hand  side  of  Equation  (30)  is  substituted  into 
(31)  and  the  result  is  shown  to  be  an  identity. 
First,  a  symbol  simplification  is  made  by 
letting: 


xp(]At)  =  Xj. 


(A-l) 


Now  making  the  above  substitutions  yields: 


T  x. 


N-l 

z 

n*0 


Ife1 
iN  S 


N  E  T  xj e 


-2nijn/N  2nijn/N 


(A-2) 


Since  T  and  N  are  constant,  they  can  be  factored 
out  of  the  summations  to  yield: 


N  x 


N-l 


t1 

j-0 


E'  xi  e'2,,iJn/Nl.  (A.3) 

. 


The  first  step  to  prove  this  an  identify  is  to 
expand  the  inner  sum: 

N-l 

‘  *1 


I 

N  *  £„  { 
J  n-0  ' 


-2nin/N  -2ri2n/N  . 

x0  +  x,  e  +  x,  e  + 


.  .  +  x 


(N-l) 


-2ni(N-l) 


n/N 


2rijn/N 


(A-4) 


The  above  sum  forms  a  row  of  terms;  expanding 
it  yields  a  set  of  rows  of  terms  that  can  be 
arranged  in  an  array  as  follows: 


The  right  hand  side  of  Eauacion  (A-5)  is  an 
N  x  N  array  of  terms  thac  for  any  value  of  j 
should  all  add  up  to  Nx.,  the  left  hand  side. 

To  make  the  proof  clear  recall  that  the  formula 
for  the  sum  of  a  geometric  progression®  of  n 
terms  is: 

S;)  ■  (rL  -  a)/(r  -  1),  (A-6) 

where  a  is  the  first  term, 

r  is  the  common  ratio, 
n  is  the  number  of  terms , 


I,  is  the  last  term. 


What  shall  now  be  found  is  that  for  each  j,  the 
jth  column  will  total  Nxj  and  all  other  columns 
will  total  zero.  Consider  the  sums  of  the 
following  columns  for  the  indicated  values  of  j: 

Column  0  when  i  *  0.  The  exponentials  are 
all  unity  and  the  column  totals  Nxq. 


Column  1  when  i  »  0.  This  is  a  geometric 
progression  with:  a  »  xi;  r  »  e*2pl/N;  n  *=  N; 
L  »  n  <s-2ni(N-l)/N<  Substitution  of  the 
above  values  into  Equation  (A-6)  yields  zero. 


Column  (N-l)  when  i  ■  0.  This  is  aga in  the 
progression  with:  a  «  x«  is  r  *  e-2*i(N-  )/>  ; 
n  <■  N;  L  *>  xN_i  e-2ri(N-l)'i/N-  Substitution 
of  the  above  values  into  Equation  (A-6) 
yields  zero. 


Column  1  when  1=1.  Note  that  all 
exponents  add  to  zero,  yielding  Nx^. 

Column  (N-l)  when  i  »  1.  This  is  again  the 
progression  with:  a  »  xw_i;  r  *  e-2ri(N-2)/N; 
n  «  N;  L  “  xfj-1  e"2" i(N2-N+2)/N.  Substitu¬ 
tion  of  the  above  values  into  Equation 
(A-6)  yields  zero. 

Finally  for  Column  N-l  when  i  *  N-l.  The 
exponents  all  become  zero,  yielding  NxN.]_. 


Thus  for  all  values  of  j  it  can  be 
similarly  shown  that  Equations  (A-2)  chru  (A-5) 
are  identities,  and  the  transform,  inverse 
transform  relationship  of  Eauations  (30)  and  (31) 
is  proved. 
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■  *  Vi 9 

_  2«IJ(»-1)/S 

* 


-2*i(N-l)/»*2rij(N-l)/N 

x2 


t  -2r  i2  (N- 1 )  /  W  r  i  J  <S- 1 )  /X 
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Mr.  /oil  ilHoatinio'  Arsenal)  This  is  probably 
vor\  tri\ uii  but  tor  a  predetermined  sampling  rate 
should  wo  not  pass  a'l  data  through  a  low  pass  filter 
as  a  matter  of  principle 

Mr.  (iabcrsoiv  I  believ  that  is  a  good  idea  hut 
I  ant  unsure  of  the  effect  of  the  filter  on  the  onases 
of  the  transient  near  the  cutoff  frequency  01  the  filter. 

Mr.  ClaleJ  (THW  Systems)  •  1  can  add  a  little  hit 
to  what  vou  just  said.  Since  ~e  ordinarily  k”ow  what 
kind  of  filter  we  have,  it  is  easy  enough  to  take  the 
transform  of  that  filter  ana  multiply  It  by  the  trans¬ 
form  obtained  using  tite  filter  and  thereby  eorrect  for 
it.  I  have  another  question.  Could  vou  clarify  please, 
did  vou  indicate  that  your  program  vlelds  Fourier 
spectrum  results  and  frequencies  in  addition  to  the 
reciprocal  of  time  interval  ? 

Mr.  Oabcrson:  Yes,  any  frequency  desired  at 
all.  Every  frequency. 

Mr.  fjalef:-  Is  this  an  interpolation  or  is  it  an 
actual  result  ? 

Mr.  Caber son-  It  is  an  exact  result.  The 
derivation  is  in  the  paper. 

Mr.  Naylor  (Defense  Hesearch  Establishment, 
Suffleld)  ;■  I  am  interested  in  reading  your  full  paper 
but  I  had  some  indications  this  summer  that  the 
integration  time  is  related  to  the  resonant  frequencies 
of  the  object.  If  one  takes  an  integrated  time  which 
includes  an  exact  number  of  eveles  of  the  object 
which  is  vibrating,  the  Fourier  transform  apparently 
looks  very  different  from  one  where  there  is  an  extra 
part  of  a  cycle  included.  It  starts  to  look  more  like 
a  continuous  frequency  spectrum.  If  these  trans¬ 
forms  are  going  to  be  as  cheap  as  you  indicate,  1 
would  ask  people  who  are  doing  these  to  vary  the 
length  of  time  of  Integration  to  include  the  exact 


number  of  eveles  and  they  may  be  surprised  by  their 
results. 

Mr,  Oaborson-  Yes,  you  are  refering  to  the 
amount  of  the  transient  that  one  chooses  to  analyze, 
where  one  should  cut  it  off  since  one  cannot  keep 
Integrating  forever.  There  is  some  question  as  to 
how  much  of  the  transient  is  significant,  how  much  of 
it  one  should  digitize  and  analyze. 

Mr.  Cronin  (University  of  Missouri,  Rolla)  :• 
liegarding  this  problem"  of  aliasing,  generally  speaking 
a  transient  is  defined  as  a  function  which  stops  in  time. 
That  is,  it  goes  to  zero  and  from  thenceforward  it 
remains  zero.  Fourier  representations  for  these 
functions  will  have  frequency  components  out  to  Infinity 
so  that  when  one  is  dealing  v*  ch  &  signal  wherein  the 
Fourier  representation  goes  to  zero,  such  as  at  the 
folding  frequency,  these  functions  are  characterized 
by  a  time  history  which  goes  out  to  infinity.  So  in 
handling  any  real  signals  one  will  always  have  this 
aliasing  problem.  Perhaps  It  could  be  helped  or 
allevia(ed  somewhat  by  choosing  a  cutoff  for  analysis 
of  the  signal  by  including  sufficient  null  time,  that  is, 
terminate  the  signal  and  then  add  Into  the  data  suffi¬ 
cient  length  of  null  time  or  zeros  representing  the 
data  to  reduce  the  contribution  of  aliasing  and  the 
associated  error  and  that  would  help  as  much  as  using 
a  filter. 

Mr.  Cnberson:  We  were  operating  on  band 
limited  functions  fr.:*n  Popoulos'  book  mainly,  and  he 
does  quite  readily  taiK  about  band  limited  functions 
that  are  transients.  Certainly,  in  any  real  system 
would  you  believe  any  frequency  content  above  20, 000 
Hz  ?  So  you  would  have  to  say  that  the  function  Is 
band  limited  at  20,000  Hz.  Therefore,  if  I  sample Rt 
40,  I  ai..  in  there. 

Mr.  Cronin:  I  am  talking  about  theory  as 
opposed  to  practice. 


52 


THC  COMPUTER  DETERMINATION  OF  MECHANICAL  IMPEDANCE 
FOR  SMALL  ARMS  FROM  THE  RESPONSE  TO  RECOIL 


L.  B.  Gardner,  R,  K.  Young,  and  D.  E.  Frericks 
l:.  S.  Army  Weapons  Command 
Rock  Island,  Illinois 


A  digital  technique  was  developed  fo*  determining  the  mechanical  impedance 
at  a  weapon-mount  interface  from  data  obtained  during  an  actual  firing  on 
the  test  mount.  This  technique  was  applied  to  data  obtained  from  a  test 
firing  of  the  XM207  automatic  weapon,  tripod  mounted  on  sand  bags.  From 
the  mechanical  impedance,  the  spring  constant,  seen  at  the  interface,  was 
found  to  be  380  lb/in.  and  the  damping  coefficient  at  this  interface  was 
found  to  be  1.15  Ib/in.  In  additior  ower  spectral  densities  of  the  force 
and  velocity  at  the  interface  were  OL.onied.  The  use  of  this  information 
for  mount  simulation  studies  is  described. _ 


INTRODUCTION 

Personnel  In  the  Science  and  Technology 
Laboratory  of  the  Army  Weapons  Command  became 
involved  in  the  measurement  of  mechanical 
impedance  as  a  consequence  of  investigations 
to  determine  the  validity  of  weapon-mount 
simulation  techniques. 

To  define  valid  simulations,  two  cri¬ 
teria  are  proposed.  The  first  criterion 
is  the  requirement  of  very  nearly  the  same 
dynamics  of  the  weapon-mount  interface  on 
both  the  test  and  field  mounts.  This  cri¬ 
terion  is  met  by  a  comparison  of  the  fre¬ 
quency  spectrums  of  the  displacement,  veloc¬ 
ity,  and  acceleration  of  the  interface. 

The  second  criterion  for  determination 
of  valid  simulation  is  the  requirement  of 
the  same  mechanical  impedance  at  the  weapon- 
mount  interface  on  both  mounts.  Only  the 
point  impedance  is  considered  (rather  than 
the  transfer  impedance  tensor)  since  the 
center  of  interest  is  the  simulation  of  the 
weapon-mount  interface  that  can  be  charac¬ 
terized  by  a  point.  The  application  of 
these  two  criteria  are  necessary  in  order 
that  the  two  mount  systems,  as  seen  from  the 
weapon-mount  interface,  be  equivalent. 

METHODS  OF  MEASURING  MECHANICAL  IMPEDANCE 

The  method  generally  used  for  the 
measurement  of  mechanical  impedance,  here¬ 
after  referred  to  as  the  "standard"  method, 
yields  a  continuous  function  of  frequency 
since  all  frequencies  in  a  given  range  are 
excited  by  forcing  functions  with  the  same 


amplitude. [1]  The  second  method,  discussed 
in  this  paper  referred  to  as  the  "impulse" 
method,  yields  the  value  of  the  mechanical 
impedance  at  particular  values  of  the  fre¬ 
quency  within  a  given  band  of  frequencies. 

The  "standard"  method  for  the  determina¬ 
tion  of  the  mechanical  impedance  of  a  system 
is  to  apply  a  sinusoidal  forcing  function  of 
known  frequency  and  magnitude  to  the  system 
and  tc  measure  the  acceleration  of  the  system 
at  the  point  of  application  of  the  force. 

The  velocity  is  obtained  by  the  integration 
of  the  acceleration.  The  ratio  of  the  force 
to  the  velocity  is  defined  as  the  mechanical 
Impedance  at  the  frequency  of  the  forcing 
function.  To  obtain  the  frequency  distribu¬ 
tion  of  the  mechanical  impedance,  the  magni¬ 
tude  of  the  forcing  function  is  held  constant 
while  the  frequency  is  swept  over  the  range 
of  interest. 

A  simulation  can  be  termed  successful  if 
the  weapon  system  operates  in  the  same  manner 
as  it  does  on  a  field  mount.  In  an  actual 
firing  all  frequencies  within  the  range  of 
frequencies  observed  in  the  firing  test  are 
not  excited  thus  the  requirement  that  the 
mechanical  impedance  *  the  test  mount  must 
be  the  same  as  that  of  the  field  mount  at  all 
frequencies  is  too  stringent..  Consequently, 
the  "standard"  method  of  mechanical  impedance 
measurement  yields  more  information  than  is 
needed  for  a  simulation  test.  In  addition, 
each  attachment  point  of  the  weapon  would 
have  to  be  tested  individually  when  the 
"standard"  method  is  utilized. 

The  "impulse"  method  makes  use  of 
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i!.e<j jtirei'ien ts  taken  during  an  actual  firing 
from  Uie  lest  muunl.  Tii i i  meuiod  provides 
values  of  the  mechanical  impedance  only  at 
the  frequencies  excited  by  the  firing  of  the 
weapon  thus  providing  a  minimal  test  of  the 
simulation.  In  addition,  not  only  the 
mechanical  impedance  of  ttie  test  mount  may 
be  determined  from  such  a  test  firing  but 
also  the  Dynamics  of  the  weapon-mount  inter¬ 
face  may  also  be  determined.  Consequently, 
a  double  cneck  of  the  validity  of  the  simu¬ 
lation  provided  by  the  test  mount  is  made 
availabi.  from  one  experiment.  The  greatest 
weakness  in  the  "impulse"  method  of  mechan¬ 
ical  impedance  measurements  lies  in  the 
reproducibility  of  tne  measurements.  Since 
the  test  is  dependent  upon  the  ammunition 
used  in  the  test  firing,  inconsistencies 
may  appear  due  to  the  variation  in  the 
ammunition  from  round  to  round.  To  minimize 
this  effect  one  lot  of  ammunition  is  used 
for  an  entire  series  of  tests. 

The  standard  means  of  mechanical  imped¬ 
ance  measurement  has  been  adequately  de¬ 
scribed  elsewhere, [1]  therefore,  the  remain¬ 
der  of  this  paper  is  concerned  with  the 
"impulse"  method. 

ANALYSIS  OF  MECHANICAL  IMPEDANCE  DATA 

In  the  "impulse"  method  of  mechanical 
impedance  measurements,  the  test  system  can 
be  instrumented  such  that  all  parameters 
useful  to  the  analysis  of  the  system  are 
measured  simultaneously.  The  parameters 
necessary  for  the  determination  of  the  point 
impedance  are  the  force  and  the  velocity 
obtained  from  parameters  measured  at  the 
point  of  interest.  In  addition,  the  dis¬ 
placement  and  acceleration  of  the  point  are 
needed  to  yield  the  total  dynamics  of  that 
point.  Each  point  of  attacnment  should  be 
instrumented  in  the  same  way  such  that  the 
impedances  of  all  points  of  attachment  can 
be  simultaneously  measured  during  the  same 
firing  test. 


of  the  recorded  data  through  a  selection  of 
piayDacx  speeds  are  available. 

The  parameters  generally  measured  in  a 
firing  test  are  the  force,  the  acceleration, 
and  the  displacement  at  a  point.  These  param¬ 
eters  are  recorded  as  a  function  of  time  and 
are  at  least  piecewise  continuous  functions 
of  time.  Therefore,  each  of  these  parameters 
can  be  represented  by  a  Fourier  series  whose 
coefficients  are  determined  from  the  recorded 
data.  Therefore,  the  data  can  be  represented 
as  an  analytical  function.  Since  such  an 
analytic  function  can  be  obtained  for  both 
the  "displacement  and  the  acceleration,  the 
velocity  can  either  be  obtained  by  differ¬ 
entiating  the  displacement  function  or  by 
integrating  the  acceleration  function.  The 
force  as  a  function  of  time  can  then  be  rep¬ 
resented  as 

f(t)  ••  i  (an  cos  Oil  +  bf)  sin  !Ljt) 
or  equivalently  as 


where  Cn  * 
and  C0  =  ^ 

Now  the  force  can  be  considered  a  superposi¬ 
tion  of  forces,  f  't),  with  only  one  fre¬ 
quency  associa*'  <-  ’th  each  component,  that 
is 

f(t)  -  t  fn(t) 

where  fn(t)  -  an  cos  ^  +  bn  sin  ^ 
or  fn(t)  ’  Cn  e  ^ 


In  the  analysis  procedure  used  in  the 
simulation  studies  the  output  signals  of  the 
transducers  used  to  instrument  tne  test 
mount  are  recorded  on  analog  magnetic  tape 
and  played  back  at  a  later  time  for  computer 
analysis . 

Computer  analysis  of  the  test  data  pro¬ 
vides  a  wide  variety  of  techniques  for  tne 
treatment  of  data  that  could  be  used  to  fur- 
msn  ~ore  information  tnan  just  the  mechan¬ 
ical  imoedance.  The  number  of  different 
parameters  -easured  during  one  test  is  only 
dependent,  uccn  tne  recording  facilities 
available  for  tne  test,  since  tne  signals 
are  recorded  and  can  oe  analyzed  one  channel 
at  a  ti~e  during  nla/bac*' ..  in  addition,  tne 
nu  cer  cf  data  samoles  taken  on  a  given  test 
is  completely  arbitrary  since  a  selection 
of  dig’tiz’ng  rates  and  time  base  expansions 


where  n  is  the  number  of  the  overtone  and  o 
is  the  period  of  the  function.  Similarly 
the  velocity  can  be  represented  by 

v{t)  *  t  v  (t) 
n  n 

where  vn(t)  =  An  cos  ~  +  Bn  sin  ~ 
or  vn(t)  =  Dn  e  ^ 


T.ie  number  of  terms  used  in  the  series  to 
represent  the  data  is  determined  by  con¬ 
sidering  the  decrease  in  the  sum  of  the 
square  of  the  deviations  of  the  Fourier 
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QpHpC  frnm  tho  Hat  a  nnintc  ac  rnmna^a/j  t  a 

the  decrease  In  the  difference  between  the 
number  of  data  points  and  the  number  of  over¬ 
tones  used  as  each  succeeding  term  of  the 
series  Is  added,  or  in  other  words  retiring 
that  the  quantity  M,  be  a  minimum, 


M  =  • _ _ 

N-n 

where  is  the  deviation  of  the  i  th  data 

point,  N  is  the  total  number  of  data  points, 
and  n  is  the  number  of  terms  used  in  the 
series. 

After  the  Fourier  coefficients  have 
been  determined  from  the  data  points,  the 
power  spectral  density  Pn  can  be  obtained 
since 

P„  -  2p  .  V) 

where  p  is  the  period  of  the  function  and 
a„  and  bn  are  the  Fourier  coefficients  for 
tne  function  being  considered.  The  power 
spectral  density  provides  a  ready  means  of 
comparing  the  dynamics  of  the  weapon-mount 
interface. 

Also  from  the  Fourier  coefficient  of 
the  force  and  velocity  functions  the  complex 
mechanical  impedance  can  be  obtained.  The 
complex  mechanical  impedance,  MZ,  is  defined 
as  the  ratio  of  the  ro,.t  means  square  force 
and  the  root  mean  square  velocity  at  a  par¬ 
ticular  frequency.  Therefore, 


MZ  *  £Z.fni._:.,.. 

n  /  —  -  ■■  - 

S  <  V  s 

or  MZn  =  {*  =  j^-;4|a 

un  Hn  iun 

Therefore  MZ„  =  Anan+Bnbn+i(anBn-flnbn) 
"  *n+Bn- 

but  MZn  =  |  MZn  |  e  iin 


where  t  is  the  phase  difference  between  fn 
and  v,,. 


Therefore  the  magnitude  and  phase  angle  are 


(1) 


and 


MZ„ 


=  [02n)(HZnK4  = 


(2) 


The  complex  mechanical  impedance  can  there¬ 
fore  be  expressed  in  terms  of  the  coeffi¬ 
cients  of  the  Fourier  series  representation 
of  the  force  and  velocity  measured  at  one 
point.  In  addition,  during  the  same  analysis 
procedure  the  power  spectral  densities  of 
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parisons  of  the  dynamics  of  the  weapon-mount 
interface  on  both  the  test  mount  and  the 
field  mount. 

This  digital  analysis  technique  has  been 
applied  to  data  obtained  from  a  test  firing 
of  the  XM207  automatic  weapon  with  the  tripod 
mount  resting  on  sandbags.  The  force  and 
displacement  were  measured  at  the  interface 
between  one  of  the  tripod  legs  and  the  sand¬ 
bag.  The  velocity  of  he  interface  was  ob¬ 
tained  by  a  numeric  differentiation  of  the 
Fourier  series  fitted  to  the  displacement¬ 
time  curve.  Fourier  series  were  also  fitted 
to  the  force-time  and  the  velocity-time 
curves.  The  power  spectral  density  (PSD)  of 
the  force-time  curve  was  computed  from  the 
spectral  coefficients  of  the  Fourier  series 
fitted  to  this  curve  and  is  shown  in  Figure 
1. 


The  power  spectral  density  (PSD)  of  the 
velocity-time  curve  was  computed  in  a  similar 
manner  and  is  shown  in  Figure  2. 

From  the  spectral  coefficients  cf  the 
force-time  curve  and  the  velocity-time  curve, 
the  point  mechanical  impedance  was  calculated 
from  Equation  2  and  Equation  1.  The  magni¬ 
tude  of  the  mechanical  impedance  is  shown  in 
Figure  3  and  the  phase  angle  of  the  mechani¬ 
cal  impedance  is  shown  in  Figure  4. 

RESULTS  AND  CONCLUSIONS 

The  information  made  available  in  Figures 
1  through  4  provides  a  means  of  comparing  a 
weapon-mount  interface  measurement  for  a 
field  mount  with  a  simulation  mount.  The  data 
taken  for  this  study  also  provides  information 
for  the  selection  of  spring  constants  and 
damping  coefficients  to  be  used  in  the  simu¬ 
lation  mount. 


FREQUENCY  (Hz) 

Fig.  1  -  Graph  of  the  Power  Spectral 
Density  (PSD)  of  the  Force  at  the  XM207 
Weapon-Mount  Interface  as  a  Function  of 
the  Frequency 
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FREQUENCY  (Hi) 


Mg.  2  -  Graph  of  the  Power  Spectral 
Density  of  the  Velocity  of  the  XM207 
'..'eapw.i-Mount  Interface  as  a  Function 
of  the  Frequency 


2  FREQUEhl?Y 


Fig.  3  -  Graph  of  the  Magnitude  of  the 
Mechanical  impedance  as  a  Function  of 
tne  Frequencv  at  the  XM207  Weapon-Mount 
Interface 


The  power  spectral  densities  shown  in 
Figures  i  and  2  snow  the  frequencies  at 
which  the  power  is  transmitted  through  the 
interface.  If  a  simulation  is  successful, 
tne  power  should  be  transmitted  through  the 
interface  at  these  same  frequencies. 

In  addition  to  providing  a  ba>is  of 
comparison  of  tne  field  mount  test  to  future 
simulation  tests,  Figures  3  and  4  provide 
information  which  can  be  used  as  a  guide  in 
simulation.  Consideration  of  Figures  3  and 
4  shows  that  the  anti  resonance  frequency  is 
at  21  Hz  and  the  resonant  freouency  is  at 
25  Hz;  at  the  resonance  frequency  the  soring 
constant  of  the  weaoon-sand  interface  for 
tne  XM207  is  calculated  and  found  to  be  300 
Ib/in.  Mevious  measurements  made  at  this 


FREOUENCY  (Hi) 


Fig.  4  -  Graph  of  the  Phase  Angle  of  the 
Mechanical  Impedance  as  a  Function  of 
Frequency  at  the  XM207  Weapon-Mount 
Interface 


interface  have  shown  the  spring  constant  to 
be  between  300  and  400  pounds  per  inch. 

From  Figure  3  the  damping  coefficient  is 
seen  to  be  1.15  Ib/in./sec  which  is  also 
consistent  with  earlier  tests  of  this  same 
interface.  By  using  these  values  of  the 
spring  constant  and  the  damping  coefficient, 
a  first  attempt  at  a  simulation  of  this 
interface  can  be  made. 

The  digital  analysis  technique  thus 
makes  available  to  the  technical  staff  of 
the  Science  and  Technology  Laboratory  not 
only  a  means  of  evaluating  a  simulated  mount 
through  comparisons  of  PSD  and  mechanical 
impedance  curves  but  also  a  means  of  obtain¬ 
ing  initial  values  of  the  spring  constant 
and  damping  coefficient  for  the  simulated 
mount . 

1.  R.E.  Kerfoot,  "Solutions  for  Mechanical 
Impedance  Measurement  Problems,"  Spectral 
Dyramics  Corp.  Technical  Publication  No. 

M-l,  9-66. 
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DISCUSSION 


Mr.  Ashley  (University  of  Birmingham) :  How 
did  you  actually  measure  the  force  at  the  stand- 
tripod  interface  in  this  particular  experiment  '* 

Mr.  Young:'  We  mounted  a  strain  gauge  along 
one  oY  tfie  tripod  legs  to  give  the  force  along  that  leg, 
then  we  used  the  component  of  that  force  in  the  direc¬ 
tion  in  which  we  measured  the  displacement.  This, 
of  course,  is  an  approximation.  It  is  not  exactly  the 
force  at  the  foot  itself  but  it  is  as  near  as  we  could 
come. 

Mr.  Ashley:  Did  you  bother  to  use  any  mass 
cancellation  technique  or  did  you  think  it  was  so 
small  as  not  to  be  necessary  ? 

Mr,  Young:  The  mass  of  the  strain  gauge  com¬ 
pared  to  the  mass  of  the  weapons  system  is  so  small 
as  to  be  virtually  negligible.  One  knows  the  weight 
of  a  strain  gauge,  and  weapons  system  weighed  about 
19  pounds  so  we  did  not  attempt  any  mass  cancellation. 
Perhaps  when  we  get  to  our  simulation  and  we  find  we 
cannot  simulate  it  we  might  be  tempted  to  go  back 
and  try  it  again. 


Mr.  Ashley:  While  I  am  pursuing  this  one,  I  was 
thinking  actually  of  the  small  mass  of  the  tripod  leg 
itself  after  the  strain  gauge  and  before  it  actually  digs 
into  the  sand, 

Mr.  Young:'  Are  you  referring  to  the  foot  itself? 

Mr,  Ashley:-  Yes. 

Mr.  Young:  The  foot  weighs  excess  of  one  pound. 
They  are  fairly  massive,  they  have  a  part  that  actually 
digs  down  into  the  sar.d.  The  foot  sits  on  top  of  the 
sand  and  then  it  has  another  part  that  digs  down  into 
the  sand.  An  interesting  point  about  this  particular 
weapons  system  —  it  is  one  of  the  machine  guns  of 
the  Stoner  family  —  is  that  they  found  that  it  works 
well  in  sand;  however,  they  wanted  to  know  how  it 
works  in  Viet  Nam  mud.  So  we  got  in  four  bags  of 
Viet  Nam  mud  to  try  this  weapon  in  and  we  found  very 
nearly  the  same  behavior  as  for  sand. 
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SHOCK  PULSE  SHAPING  USING  DROP  TEST  TECHNIQUES* 


R.  E.  Keeffe  and  E.  A.  Bathke 
Kaman  Sciences  Corporation 
Colorado  Springs,  Colorado 


An  analytic  technique  is  described  for  designing  a  drop 
test  experiment  in  which  transient  acceleration  time 
histories  are  simulated.  Verification  of  the  developed 
methodology  is  qualitatively  demonstrated  by  an  experi¬ 
mental  test  program. 


INTRODUCTION 

The  basic  concept  of  using  labora¬ 
tory  shock  testing  techniques  for 
qualifying  components  which  in  service 
are  subject  to  transient  vibratory 
environments  is,  in  itself,  a  well 
developed  technology.  However,  the 
majority  of  the  past  work  done  in  this 
area  has  concentrated  on  the  develop¬ 
ment  of  test  techniques  for  reproducing 
either  basic  acceleration  pulse  shapes, 
as  for  example  a  half  sine  or  terminal 
sawtooth,  or  equivalent  pulses  with  the 
objective  to  envelop  a  desired  shock 
response  spectrum.  Various  forms  of 
shock  testing  machines  have  been 
developed  to  perform  these  types  of 
tests  Cl]  and,  in  general,  perform 
adequately  the  tasks  for  which  they 
were  designed. 

In  the  technique  under  discussion 
here,  we  are  concerned  with  the  some¬ 
what  more  specific  task  of  developing  a 
test  method  for  reproducing  time 
histories  of  acceleration  pulses. 
Recently  a  considerable  amount  of  effort 
has  been  expended  in  this  general  area, 
although  it  appears  to  have  been 
performed  primarily  using  electro¬ 
magnetic  shakers.  For  example,  Favour, 
et  al  [2]  describe  a  technique  in  which 
desired  transient  waveforms  are  gen¬ 
erated  by  pre-programming  an  electro¬ 
magnetic  shaker  with  a  driving  signal 

*This  work  was  accomplished  under  Army 
Contract  DAAH  01-69*C-1809  in  coopera¬ 
tion  with  U.  S.  Army  Missile  Command 
and  the  Defense  Atomic  Support  Agency. 


computed  via  Fourier  transform  tech¬ 
niques  and  knowledge  of  the  shaker 
transfer  function.  Excellent  results 
were  obtained  in  a  prototype  setup  in 
which  a  transient  acceleration-time 
history  (with  peak  accelerations  in  the 
range  of  40  g)  were  accurately  repro¬ 
duced.  Similarly  Moser  and  Garner  [3] 
discuss  a  method  of  frequency  compen¬ 
sation  in  an  electromagnetic  shaker 
system  winch  will  allow  generation  of 
shaker  pulse  response  which  is  nearly 
identical  to  the  input  pulse  into  the 
shaker  amplifier.  Numerous  other 
investigators  have  used  electromagnetic 
shakers  for  reproducing  shock  response 
spectra  rather  than  specific  time 
history  waveforms  (see,  for  example, 
References  '41  and  '5')  . 

There  are,  however,  practical 
limitations  on  the  magnitudes  ol 
acceleration  pulses  which  can  be  repro¬ 
duced  using  shakers.  Typically, 
current  large  shaker  systems  can  be 
used  to  generate  shock  pulses  in  test 
hardware  (approximate  weight  50  lb.) 
having  peak  magnitudes  on  the  order  oi 
100  g's.  In  some  instances,  a  need 
exists  for  developing  pulse  shaping 
techniques  wherein  shock  pulse  his¬ 
tories  having  peak  accelerations  on  the 
order  of  several  hundred  g's  can  be 
simulated . 

The  test  technique  under  considera¬ 
tion  here  was  developed  to  fill  this 
need.  It  employs  a  standard  drop  test 
apparatus  used  in  conjunction  with  a 
receiver  assembly,  consisting  ol  alter¬ 
nating  layers  of  linear  springs  and 
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rigid  masses,  designed  so  as  to  shape  a 
uesired  acceleration  pulse  experienced 
by  the  drop  table  (and  associated  test 
hardware) .  In  the  following  discussion 
a  review  of  the  analytic  modeling  and 
system  design  techniques  is  first 
presented.  Next,  a  discussion  of  a 
test  program  designed  to  verify  the 
method  is  given,  followed  by  compari¬ 
sons  between  theory  and  test. 


DISCUSSION 

Basic  Theory 


Consider  the  basic  drop  test 
expei iment  illustrated  in  Figure  1, 


*2 


XN 


INITIAL  POSITION 


The  test  mass  (1),  initially  at  posi¬ 
tion  h,  impacts  the  receiver  assembly 
of  springs  and  masses  either  at  the 
free-fall  or  accelerated-fall  velocity 
Xi.  If  the  springs  are  considered 
massless  and  the  masses  assumed  to  be 
infinitely  stiff,  the  response  of  the 
test  mass  can  be  evaluated  using  a 
simple  onc-dimcnsional  lumped  mass 
model.  For  a  N  degree  of  freedom 
system,  the  lumped-mass  model  (exclud¬ 
ing  damping)  can  be  diagrammed  as  in 
Figure  2  below. 


FIGURE  2 

LUMPED  MASS  MODEL 


The  differential  equations  of  motion 
for  this  system  can  be  expressed  in  the 
following  matrix  fomj 
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with  the, initial  condition  on  test  mass 
X^(0)  =  Xj.  Define  the  normal  mode 

frequencies,  fl^.,  and  the  matrix  of  the 

normal  mode  vectors  as  j  .  Where 
this  matrix  defines  theLcoordinate 
transformation  from  generalized  to 
normal  mode  coordinates: 

W  -  M  (2) 

The  initial  conditions  on  normal  mode 
velocities  are  expressed  in  the  follow¬ 
ing  vector  form: 
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and  the  normal  mode  response  of  the  jth 
mass  is  found  to  be 


In  generalized  coordinates,  the  dis¬ 
placement  response  of  the  test  mass 
(#1)  is  given  as 


mi - UM-,4  A 

luc  ivxiunAU^  uaoxv  Hoouiu^iivno 

are  pertinent  to  solution  development. 

1.  The  receiver  assembly  consist¬ 
ing  of  alternating  layers  of  springs 
and  masses  can  be  analytically  modeled 
as  a  lumped  parameter  system.  This 
essentially  implies  that  the  springs 
are  massless  and  the  masses  are  perfectly 
rigid. 


N 

Xl<t>  “I 


i-1 


sin 


t. 


(5) 


2.  The  springs  used  in  the 
receiver  assembly  are  linear  and  elastic. 


with  the  acceleration  response  given  by 
N 

Xi<t)  -]T  -0^  sin  ^  t  .  (6) 

i-1 

Equation  (6)  can  be  rewritten  as  follows: 
N 

Xi(t)  At  sin  t  (7) 

i-1 


The  form  of  Equation  (7)  is 
representative  of  an  odd  Fgurier  series 
expansion  of  the  function  X^(t) ,  with 

the  restriction  that  all  values  of  At 
are  of  like  signs.  The  application  of 
a  desired  acceleration-time  history  is 
obvious;  that  is,  the  given  accelera¬ 
tion-time  history  is  approximated  by  an 
odd  Fourier  series  expansion  consisting 
of  N  harmonic  contributions.  Then  the 
design  problem  of  determining  the  values 
of  mt  and  ki  required  to  satisfy  the 
system  constraints  on  Ai  and  0*  remains 
to  be  solved. 

In  the  following  section  the 
developed  procedures  for  solving  these 
design  problems  for  N-2,  and  N-4  are 
presented.  Similar  procedures  have 
been  developed  for  N-3  and  N-5  but  are 
not  presented  here.  It  is  important  to 
note  that,  while  in  theory  it  is  pos¬ 
sible  to  extend  this  method  to  arbi¬ 
trarily  large  values  of  N,  there  always 
are  practical  problems  concerned  with 
designing  the  corresponding  test  setup, 
which  effectively  imposes  an  upper 
bound  on  N,  For  the  study  discussed 
here,  N-5  seemed  to  be  a  reasonable 
upper  limit. 


Analytic  Design  Procedures 

The  following  discussion  deals 
with  the  analytic  formulations  and 
solutions  necessary  to  design  component/ 
receiver  systems,  for  the  simulation  of 
acceleration-time  shock  pulses. 


3.  The  effects  of  damping  are  not 
included  in  the  analytic  system 
response . 

The  differential  equations  of 
motion  and  the  solutions  of  these  equa¬ 
tions  for  the  acceleration  response  of 
the  test  mass  for  a  given  initial 
condition  on  test  mass  velocity  are 
presented  for  2  and  4  degree  of  freedom 
systems.  In  all  cases  the  test  mass  is 
identified  as  mass  #1  while  the  receiver 
assembly  is  comprised  of  the  remaining 
masses  and  springs  in  the  system.  In 
addition  for  all  cases  the  initial 
conditions  on  velocity  of  the  test  mass 
is  designated  as  .L  (in/sec),  with  an 
initial  displacement  Xi(in)  equal  to 
zero.  Spring  stiffnesses  (k)  are  in 
(lb/in)  units  while  inclusion  masses 
(m)  are  expressed  in  (lb  sec^/in) . 


The  equations  of  motion  for  the 
2  degree  of  freedom  system  are  expressed 
as : 


xi  +  4xi  -  4%  -  ° 

"2  2  ml 

*2  +  4*2  -  4  X1  “  0 


(8) 


where 

2 

Xj,  ** 

4  m  (w/m2 


(9) 


Subject  to  the  stated  initial  conditions 
the  acceleration  response  of  the  test 
mass  (#1)  becomes: 

X, (t)  «>  A  sin  O  t  (10a) 

o-l 


where:  A^- 


xi*h  (*!'*?) 

W 


(10b) 


(10c) 
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Given  the  amplitude  ratios  and  fre¬ 
quencies  of  response,  the  problem  of 
determining  the  system  masses  p.nd  stiff¬ 
ness  constants  requires  finding  the 
solution  to  a  set  of  nonlinear  equations. 
The  2D  system  of  equations  has  an 
algebraic  solution  which  is  readily 
apparent.  The  following  substitution 
of  variables  is  performed; 


H 

H 


V*2 

“2 


(ID 


The  design  system  equations  are  then; 
yl+y2  *  °l2+  r22 

yly2  “  y3  “  °lV  (“> 

(^<y2-(fe2)  +  O^Va-V)  -  o 


The  algebraic  solution  is  simple  and 
direct ; 


yl  “  fy2  +  °22  “  y2 


y3  ’  yly2  -  «lV 

kl  “  yl®l 

>*2  -  yx\/y3 

^2  "  y2m2  ~  kl 

For  any  system  with  more  than  two 
masses,  the  complexity  of  the  nonlinear 
equation  system  increases  markedly. 

The  normal  approach  of  computer  solu¬ 
tion  using  numerical  techniques  could 
not  be  applied  since  the  behavior  of 
the  equations  was  such  that  convergence 
was  not  attainable  within  a  reasonable 
amount  of  computer  time. 


Fortunately,  these  nonlinear 
systems  of  equations  possessed  advan¬ 
tageous  relationships  among  the  param¬ 
eters.  Through  a  judicious  choice  of 
unknowns  to  be  determined,  inherent 
linear  sub-systems  were  generated  for 
which  direct  algebraic  solutions  were 
obtained.  This  procedure  is  illustra¬ 
ted  with  the  4D  system.  The  equations 
of  motion  for  the  4  degree  of  freedom 
system  are; 

Xj  +  lil2xl  "  "l2^  “  0 
2  ml 


V  -  "l2  5JX1  -  "s2S  ■  0 

V  *»%  *e2*4  •  0 

••A  A 

X4+  5T  x3  -  0 

4 


(14) 


where  the  following  definitions  are 
employed : 


2 

2 
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V«1 

“»42  -  <Vk4)/m4 

(kl+k2)/m2 

^  “  \/m2 

(kg+kgj/mg 

“  V»3  <15> 

Subject  to  the  stated  initial  condi¬ 
tions,  the  acceleration  response  of  the 
test  mass  (#1)  becomes: 


xx(t) 
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where: 
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where  the  following  definitions  were 
used : 

a..  **  1 

0-2 

'T’^’22  4  m3  4m2. 

a2  "  L  L* a  a'/J  "  *6  *  *5  5J  - 

3-3  tt-2  4  J 

a  c  ^ 

2  2  4  m3  ,2  4 
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For  the  higher  order  systems  a 
standard  mathematical  definition  can  be 
employed  in  simplifying  expression  of 
the  systems  of  equations,  A  polynomial 
P(x1,x2,...,xn)  which  is  unchanged  by 

any  permutation  of  the  indeterminates 
xl,x2  *  *  *  * ,xn  is  called  a  synroetric 
function  of  the  variables  Xj.Xg , . . . ,xn. 

Introducing  a  new  indeterminate  z,  we 
put 

f(z)  -  (z-Xj)  (z-Xg)  . . .  (z-xn)  (18) 

-  zn-  ojz”"1  +  a2zn“2-...+(-l)nan. 

The  coefficients  of  the  powers  of  z  in 
this  polynomial  are 

-  xi  +  Xjj  +  ...  +  xn> 
a2  -  x^  +  Xlx3  +...+  X2X3  +  •  *  *+xn-lXn' 
a3  ”  X1*2X3  +  X1X2X4  +-‘*+  xn-2xn-lxn» 


°n  “  xlx2***xn*  'A*' 

a1,a2*...»an  are  the  elementary  symmetric 
functions  of  x^^ , , , ,  ,xn«  In  the 
following  work,  the  notation  c j (xn)  will 

be  used  to  denote  the  elementary  sym¬ 
metric  function  crj  of  the  variables 

xl*x2  *  * • *  »xn* 

For  the  four  dimensional  system, 
the  following  substitutions  are 
employed : 
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The  design  system  Equations  (16b)  to 
(16i)  are  then 

yl  +  al  “  al^2} 

ylal  +  *2  “  y5  “  a2(fy2) 

yia2  +  a3  _  y5(y3+y4>  ”  a3(042) 

Vla3  +  y5(y7"y3y4)  -  04(O  (21) 

y2  +  y3  +  y4  “  al 

y2y3  +  y2y4  +  y3y4  -  y6"y7  “  a2 

y2y3y4  “  y4y6  “  y2y?  “  a3 

The  last  three  equations  of  (21)  are 
the  defining  relationships  for  a.,  a2, 
a3.  Equations  (16c)  to  (16e) 

constitute  a  linear  system  in  these 
three  variables.  Having  solved  this 
linear  system,  one  can  then  obtain  the 
solution  to  the  four  dimensional  system 
from  Equations  (21)  by  the  following 
steps : 

yl  -  *1  “  a 

y5  _  ylal  4  *2  -  °2 

<y3+y4>  “  [yla2  4  a3  “  a3] 

y2  *  al  -  <y3+y4) 

(y7-y3y4)  “  I;  [54  "  yla3] 
yg  “  y2(y3+y4)  -  (y7"y3y4>  “  a2 

y4  -  7;  [-y2<y7-y3y4>  -  aJ 

y3  “  (y3  4  y4>  ”  y4  (22) 
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y3y4  +  <y7-y3y4) 
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S  -  y2m2“ki 
m3  c  k22/(yem2) 

k3  “  y3m3  -  *2 

m4  -  k32/(y7w3) 
k4  “  y4m4  "  k3 • 


Experimental  Program 

In  order  to  determine  the  feasi¬ 
bility  of  the  developed  analytic  design 
method  a  test  program  was  performed 
with  the  goal  of  simulating  a  number  of 
three-degree  (3D)  and  four-degree  (4D) 
of  freedom  acceleration  pulses.  This 
section  is  devoted  to  a  qualitative 
description  of  the  overall  test  setup 
and  a  presentation  of  results  for 
typical  3D  and  4D  experiments.  Actual 
testing  was  carried  out  at  the  Sandia 
Corporation  shock  testing  facility, 
Albuquerque,  New  Mexico,  using  a  Model 
HVA  1212  drop  test  machine,  manufactured 
by  Monterey  Research  Laboratories, 
Monterey,  California. 

A  typical  3D  test  setup  is  as 
shown  in  Figure  3.  The  inclusions  were 
machined  from  10"  O.D. ,  steel  rod, 
while  the  spring  elements  were  fabrica¬ 
ted  from  7"  O.D.  low  and  high  density 
polyethylene  rod,  A  docking  fixture 
was  designed  and  installed  as  shown. 

The  purpose  of  the  docking  fixture  was 
to  maintain  a  positive  lock  between  the 
drop  table  and  the  uppermost  spring 
element  after  initial  impact.  During 
the  course  of  testing,  this  docking 
collar  performed  successfully  at  impact 
velocities  in  the  range  of  6-10  fps. 

The  polyethylene  material  used  for 
the  spring  materials,  although  having 
the  desirable  features  of  low  cost  and 
light  weight  exhibited  some  extremely 
undesirable  ciiaracteristics  which 
essentially  ruled  out  its  use  for  any 
further  testing  of  this  type-.  The  basic 
problem  with  this  material  is  that  it  is 
viscoelastic.  Therefore,  use  of 
polyethylene  violates  the  initial 
assumption  used  in  the  analytic  develop¬ 
ment  ol  linear  elastic  spring  elements. 
This  diificulty  was  overcome  to  some 
extent  by  using  equivalent  static 
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FIGURE  3 

TYPICAL  3D  TEST  SETUP 


stiffness  values  for  various  length#,  of 
7"  polyethylene  rods  as  determined  from 
single-degree  ol  freedom  "calibration" 
drop  tests.  That  is,  a  simple  test 
involving  impacting  the  drop  table  on  a 
given  length  of  rod  at  a  specified 
impact  velocity,  resulted  in  a  hall  sine 
acceleration  response  which  was  used  to 
compute  an  equivalent  static  stiifness. 
Those  tests  were  repeated  over  a  range 
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of  impact  velocities  and  the  results 
averaged  to  give  a  design  stiffness 
value  for  that  .particular  length  of 
polyethylene  rod.  Another  problem  with 
this  material  was  its  basic  bilinear 
stiffness  behavlcr  between  tension  and 
compression  loading.  In  order  to 
eliminate  the  bilinear  stiffness  prob¬ 
lem  the  springs  were  fixtured  to 
operate  always  in  a  compressive  mode 
regardless  of  the  direction  of  relative 
motion  between  adjacent  masses  (see 
Figure  4) . 


FIGURE  4 

DETAILS  OF  SPRING  ASSEMBLY 


Physical  parameters  used  in  two 
experiments  considered  representative 
for  3D  and  4D  teat  configurations  are 
summarized  in  Table  I, 


TABLE  I 

PHYSICAL  TEST  PARAMETERS 

CONFIG. 

MASS 

VALUES 

/lb  secM 

M 

STIFFNESS 
VALUES (LB/IN) 

3D  TeBt 

m^  -  .622 

mg  -  .106 
mg  -  .606 

kj  -  3 , 5x10 6 
kg  -  1.48x10® 
k3  -  8.0X105 

4D  Test 

mx  -  .591 
aig  “  .155 
«3  -  .163 
m^  —  . 159 

kx  -  2.3x10® 

kg  -  1.0X10® 

kg  -  5.3x10® 

k,  -  1.45x10® 

4 

It  should  be  pointed  out  that  since  the 
stiffness  numbers  given  are  nominal 
values  obtained  by  averaging  calibration 
tests  at  different  impact  velocities, 
a  considerable  range  in  effective  stiff¬ 
ness  (on  the  order  of  ±20%)  can  be 
expected  for  any  particular  spring. 

Results  obtained  for  the  3D  and  4D 
test  conf lgur eat ions ,  each  tested  at 
two  different  impact  velocities,  are 
presented  in  Figure  5  and  Figure  8 
respectively.  These  data,  shown  by  the 
dashed  and  dotted  lines,  were  traced 
directly  from  oscillograph  records 
which  were  electronically  filtered  at 
2500  Hz. 

Also  shown  as  the  solid  line  in 
each  figure  are  the  computed  accelera¬ 
tion  response  using  the  physical  param¬ 
eters  listed  in  Table  I  and  a  viscous 
damping  value  for  each  spring  equal  to 
7%  of  critical  (as  obtained  from  a 
logarithmic  decrement  test  on  a  repre¬ 
sentative  polyethylene  pad) . 

In  general  the  shape  of  the  pre¬ 
dicted  and  experimental  acceleration 
pulses  agree  fairly  well,  particularly 
when  the  range  of  uncertainty  in  the 
soring  stiffness  values  is  considered. 
However ,  the  test  results  do  exhibit 
so7.a  degree  of  high  frequency  response 
not  predicted  by  theory  which,  to  some 
extant,  is  attributed  to  built-in  non- 
linearities  in  the  teat  setup,  e.g., 
the  intermittent  impacting  between  the 
retainer  plates  end  inclusion  as  the 
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FIGURE  6 

ACCELERATION  VS.  TIME  FOR  4  DEGREE  OF  FREEDOM  TEST 


individual  springs  alternate  between 
tension  and  compression  conditions. 

It  is  particularly  interesting  to 
note  the  degree  of  repeatability  in 
basic  pulse  shape  evident  from  the 
test  results  at  the  two  separate 
impact  velocities  for  each  test  setup. 


This  result  agrees  with  what  is 
theoretically  expected;  examination  of 
the  design  equations  shows  that  relative 
amplitudes  are  independent  of  initial 
velocity  but  that  absolute  amplitudes 
are  proportional  to  the  impact  velocity. 
In  certain  test  programs  this  response 
behavior  may  be  a  desirable  tost 
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characteristic.  That  is,  a  drop  test 
can  be  designed  for  a  given  acceleration 
time  history  and  easily  repeated  at 
increasing  values  of  impact  velocity 
(peak  accelerations)  until  failure  or 
malfunction  is  noted. 

CONCLUSIONS 

The  conclusions  arrived  at  during 
the  course  of  this  study  may  be  sum¬ 
marized  as  follows: 

1.  Using  the  developed  analytic 
techniques,  it  is  possible  to 
design  a  drop  test  experiment 
for  simulation  of  transient 
acceleration  pulses  contain¬ 
ing  up  to  five  sine  harmonics. 
The  amplitudes  of  all  har¬ 
monics  must  be  of  like  sign. 

2.  An  experimental  program  using 
a  commercially  available  drop 
test  machine  was  undertaken 

to  demonstrate  the  feasibility 
of  the  technique,  and  met 
with  a  reasonable  degree  of 
success.  Transient  acclera- 
iion  pulses  containing  3  and 
4  fundamental  harmonics  and 
having  peak  magnitudes  on  the 
order  of  V00  to  400  g's  were 
produced  which  qualitatively 
matched  the  predicted  or 
design  accelerations. 

3.  In  order  to  make  this  method 

a  usable  simulation  technique, 
improvement  in  experimental 
procedure  is  required.  In 
particular,  design  of  light 
weight,  linear  and  elastic 
spring  elements  appears  to 
be  the  most  important 
requirement , 

4.  To  some  extent  the  developed 
test  method  suffers  from  a 
certain  degree  of  inflexi¬ 
bility.  That  is,  a  new  test 
setup  has  to  be  designed, 
fabricated  and  assembled  for 
each  acceleration  pulse  to  be 
simulated.  However,  once  a 
test  setup  is  in  place,  a 


number  of  tests  can  be  rapidly 
run  at  increasing  values  of 
impact  velocity  (i.e,  increas¬ 
ing  acceleration  levels) 
without  changing  the  basic 
pulse  shape.  This  capability 
is  attractive  if  testing  to 
determine  fragility  (failure) 
of  a  component  under  a  basic 
form  of  acceleration  pulse  is 
desired, 
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DISCUSSION 


Mr.  Hughes  (Naval  Weapons  Evaluation  Facility): 
Why  did  you  use  polyethelene  which  is  nonlinear  In 
different  directions  when  you  are  trying  to  simulate 
a  linear  spring?  Why  did  you  not  use  a  linear  spring? 

Mr.  Keeffe:  Tliat  is  a  good  question.  We  have 
asked  ourselves  that  200  times.  There  were  some 
time  considerations,  and  in  the  spring  rates  that  we 
were  looking  for  it  turned  out  that  the  basic  properties 


of  polyethelene  satisfied  our  requirements.  Also 
when  one  starts  looking  in  spring  cataloguer  for 
Bellville  springs  and  helical  springs,  we  could  not 
find  anything  that  had  the  spring  rates  which  we  re¬ 
quired.  They  were  on  the  order  of  a  million  pounds 
per  inch,  so  we  had  to  look  for  something  else.  Now 
we  feel  that  there  are  better  ways  to  do  it,  but  it  was 
a  matter  of  expediency. 
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Theoretical  and  experimental  analyses  are  performed  to 
investigate  bullet  impact  effects  on  ceramic  composite 
armor.  The  armor  consist®  of  ceramic  tile  bonded  to 
fiberglass  reinforced  pi  ..  >  ic  backing.  This  type  of 
armor  is  used  to  protect  military  personnel  and 
equipment.  Projectiles  of  one  material  and  with 
separate  core  and  casing  (e.g.  armor-piercing)  are 
considered.  Theoretical  analysis  is  based  on  a  quasi¬ 
static  approximation  of  the  event.  The  law  of  motion 
is  used  to  predict  the  deceleration  of  the  bullet 
and  the  force  resisted  by  the  armor  during  impact. 
Experimental  data  obtained  by  open-lens  photography 
of  the  impact  event  are  in  good  agreement  with  the 
theoretical  analysis.  The  photographs  clearly  indicate 
ductile  behavior  of  the  bullet  during  impact,  contrary 
to  the  generally  accepted  theory  that  materials  such  as 
hardened  steel  exhibit  brittle  characteristics  at 
high  strain  rates. 


[  INTRODUCTION 

Ceramic  composite  armor  was 
proven  feasible  by  Goodyear  Aero- 
Space  in  1962.  It  has  unusual  ability 
to  stop  bullets  and  is  relatively 
light  in  weight.  An  approximate 
comparison  of  the  weight  per  square 
foot  required  to  stop  a  .30  caliber 
armor  piercing  bullet  at  its  muzzle 
velocity  is  shown  in  Table  1. 

% 

The  development  and  improvement 
of  ceramic  composite  armor  has  been 
largely  by  trial  and  error.  First 
attempts  at  a  fundamental  understanding 
involved  experiments  to  relate  material 
properties  to  performance.  An 
example  is  Foster's  work,  where  he 
measured  density,  elastic  modulus, 
strength,  etc.  of  hundreds  of  armor 
samples,  experimentally  determined 
their  performance,  and  attempted  to 
correlate  performance  with  properties 


TABLE  1 

Approximate  Armor  Weight  Required 
Tc  Stop  A  -30  Cal.  A/P  Bullet  At 
Its  Muzzle  Velocity  [1] 


Armor  Material 

Areal  Density 
(lbs/sq.  ft.) 

Homogeneous  Steel 

20 

Dual-hardness  Steel 

12 

Alumina- fiberglass 

Composite 

9.5-10 

Silicon  Carbide-fiber- 

glass  ComDosite 

8.5-9 

Boron  Carbide-fiber- 

glass  Composite 

7-7.5 

and  combinations  of  properties  [2], 
Studies  of  shock  wave  propogation  in 
the  bullet  and  armor  have  been  pursued 
by  several  investigators  [3,4,5]. 

These  studies  exoerimentaily  determine 
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the  relationship  between  two  properties 
such  as  pressure  and  particle  velocity 
during  the  time  a  shock  wave  passes 
through  a  material,  and  apply  this 
relationship  in  a  mathematical  model 
of  the  impact.  The  relationship, 
known  as  a  llugoniot  curve  [6]  is  used 
rather  than  the  equations  of  state, 
motion,  energy,  a.iu  continuity  because 
the  equations  of  state  for  solids  are 
rarely  available  and  difficult  to 
handle  mathematically.  One  difficulty 
with  this  approach  is  that  the  Hugoniot 
relationship  is  valid  only  for  waves 
constrained  similarly  to  those  where 
it  was  measured,  generally  plane  waves. 
This  type  of  work  has  now  been 
abandoned  as  a  means  to  improve  the 
understanding  of  composite  armor  [7] . 


armor  compared  with  the  velocity  of 
the  bullet.  Thus  the  mass  remaining 
can  be  represented  as 


mg  =  m  -  /pAtufcdt  s  IpAtufcat  (2) 


wnere  m  is  the  mass  of  the  whole  bullet, 
p  is  the  bullet  density,  A.  is  the 
bullet  to  armor  contact  aria,  u.  is 
the  velocity,  and  At  is  time  increment. 

The  acceleration  a  is  represented 
in  finite  difference  form  as  the 
incremental  change  in  velocity.  Thus 

•  * 


This  paper  studies  the  application 
of  quasi-static  theory  to  the  impact 
event.  This  assumes  dynamic  equi¬ 
librium  is  attaired  during  every 
instance  of  the  impact.  Justification 
for  this  approximation  is  first  that 
photographs  show  that  bullet  fracture 
is  caused  by  force  at  the  tip,  rather 
than  spalling  at  the  tail  as  would 
be  expected  if  shock  waves  were  the 
major  factor.  Second,  while  quasi¬ 
static  theory  predicts  deceleration  at 
the  tail  of  the  bullet  before  the 
shock  wave  reaches  it,  the  predicted 
deceleration  is  negligible  so  this  is 
not  an  important  limitation.  The 
quasi-static  approximation  can  thus 
be  expected  to  account  for  major 
effects,  while  neglecting  less 
important  non-equilibrium  effects. 


EQUATIONS  FOR  BULLET  MOTION 

This  portion  of  the  theoretical 
analysis  establishes  the  deceleration 
rate  of  the  bullet.  Analysis  is 
based  on  the  law  of  motion: 


The  limiting  force  on  the  bullet  is 
its  maximum  strength  multiplied  by 
the  interface  area 


~amaxAt 


(4) 


where  a  is  the  maximum  strength 
of  the  Bullet  material.  Substituting 
Eqs.  (2),  (3),  and  (4),  into  Eq.  (1) 
gives 


Ut+At  ~  ut  - 
At 


_ ~amaxAt 

m-pAtEAtut 


(5) 


Solving  for  velocity  after  the  time 
increment , 


Ut+At  '  ut  - 


a  A  At 
max  t 

m-pA  t£Atut 


(6) 


a  =  Fs/ms  (1) 

where  a  is  the  acceleration  of  the 
bullet,  F  is  the  force  at  the  solid- 
particle  interface  of  the  bullet,  and 
mg  is  the  mass  remaining  of  the  solid 
bullet.  The  mass  m  is  equal  to  the 
initial  mass  minus  the  mass  which  has 
been  fractured  into  particles. 
Considering  the  armor  as  a  rigid 
surface,  the  volume  fractured  during 
a  time  increment  is  equal  to  the  area 
of  contact  at  that  time  multiplied 
by  the  distance  the  bullet  moves. 

This  assumption  is  reasonable  until  the 
ceramic  fractures,  and  in  fact  for 
some  time  after  the  ceramic  fractures, 
because  even  then  the  interface  makes 
only  very  slow  Drogress  into  the 


This  equation  can  be  solved  iteratively, 
using  a  computer,  until  the  velocity 
reaches  zero  or  the  bullet  is  entirely 
destroyed. 


EXPERIMENTAL  VERIFICATION 

In  this  section  predictions  based 
on  the  preceding  model  for  bullet 
motion  are  compared  with  experimental 
results . 

Calculated  motion  of  a  .30  Cal. 
M2/AP  bullet  striking  armor  at  2732 
ft/sec  is  shown  in  Fig.  1.  The  two- 
material  bullet  has  been  represented 
as  two  single-material  bullets  of 
appropriate  cross-sectional  areas 
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Fig.  1  -  Predicted  deceleration 

of  .30  Cal.  M2/AP  bullets 
at  2732  ft/sec,  with 
experimental  verifi¬ 
cation 


striking  the  armor  in  the  appropriate 
time  sequence.  Frictional  forces 
between  the  core  and  jacket  are 
neglected.  Material  strengths  used 
are  500,000  psi  for  the  core  (high- 
carbon  steel  nardened  to  Rockwell 
A  79-80)  and  100,000  psi  for  the  brass 
jacket.  These  values  are  arbitrarily 
chosen  as  about  fifty  percent  greater 
than  static  strengths.  The  liter¬ 
ature  indicates  that  dynamic 
strengths  of  materials  are  considerably 
higher  than  static,  but  little  specific 
data  is  available,  particularly  at 
the  very  high  loading  rates  considered 
here. 

Figure  2  shows  calculated  motion 
of  a  one-material  bullet  (cores  fired 
without  its  jackets)  at  2700  f c/sec. 
Again,  the  strength  of  500,000  psi 
is  used. 

Experimental  data  for  comparison 
is  also  included  in  Figures  1  and  2 
and  is  found  to  be  in  good  agreement 


witn  e  theoretical  predictions. 

These  data  are  obtained  by  taking  meas¬ 
urements  from  photographs  of  the 
impact  event.  Examples  of  the  photo¬ 
graphs  are  shown  in  Figures  3  and  4. 


Fig.  2  -  Predicted  deceleration 
of  .30  Cal.  M2/AP  cores 
at  2700  ft/sec,  with 
experimental  verification 


The  photographs  are  taken  using 
an  open- lens  camera  in  a  dark  room. 

A  high  intensity  flash  of  1/2  micro¬ 
second  duration  illuminates  the  subject. 
The  flash  is  triggered  by  the  projectile 
penetrating  a  switch  consisting  of 
a  non-conducting  plastic  film  with 
aluminum  foil  on  each  side.  Penetration 
completes  a  triggering  circuit.  Ad¬ 
justing  the  distance  between  the  switch 
and  armor  varies  the  timing  of  the 
photographs.  Each  photograph  is  of 
a  separate  ballistic  test,  and  the 
timing  is  adjusted  to  Provide  sequences 
showing  the  progressive  stages  of 
impact. 

Figure  3  shows  .30  Cal.  M2/AP 
projectiles  at  five  points  during 
impact.  These  are  examples  of  photo¬ 
graphs  from  which  the  experimental 
points  m  Figure  1  are  derived. 

Figure  4  shows  .30  Cal.  M2/AP  cores, 
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during  impact.  These  provide  an 
additional  experimental  data  set  and 
allow  visual  observation  of  core 
fracture.  The  back  half  of  the  casing 
is  used  as  a  carrier  for  firing  the 
projectile.  In  this  set  of  photographs 
two  cameras  were  used  to  simultaneously 
provide  an  oblique  and  perpendicular 
view  of  the  projectile.  The  perpend¬ 
icular  view  improves  the  ease  and 
accuracy  of  measurements  while  the 
oblique  view  facilitates  visual 
observation. 

Timing  of  the  pictures  is  deter¬ 
mined  by  measuring  spall  motion.  The 
spall  velocity  is  considered  constant 
(although  unknown)  because  it's  de¬ 
celeration  is  negligible  compared  with 
that  of  the  bullet  which  is  being 
resisted  by  armor.  Thus  the  distance 
travelled  by  the  spall  is  proportional 
to  the  elapsed  time  since  initial 
contact.  To  determine  the  proportion¬ 
ality  factor  between  spall  distance 
and  time,  a  curve  of  measured  bullet 
position  vs  spall  position  (time)  is 
drawn  (similar  to  Figures  1  and  2). 

The  slope  of  the  curve  at  the  origin 
must  be  equal  to  the  incident  velocity 
of  the  bullet,  which  defines  the  units 
on  the  time  scale. 


seen  protruding  at  the  back  of  the 
bullet.  This  is  due  to  the  material 
with  higher  strength  sustaining  a 
larger  force  and  therefore,  greater 
deceleration. 

An  important  and  unexpected  result 
is  best  seer*  in  Figure  4,  at  15  micro¬ 
seconds.  In  this  photograph  ductile 
behavior  of  the  forward  portion  of  the 
bullet  is  clearly  evident.  This  is 
contrary  to  the  generally  accepted 
theory  that  materials  such  as  hardened 
steel  exhibit  brittle  characteristics 
at  high  strain  rates. 


EQUATIONS  FOR  FORCE  APPLIED  TO  THE 
ARMOR 

In  this  section,  equations  are 
derived  for  the  force  applied  to  the 
armor.  This  force  is  different  than 
the  force  on  the  solid  portion  of  the 
bullet  because  there  is  a  gradient 
through  the  particulate  portion.  The 
approach  used  is  to  apply  the  momentum 
form  of  the  law  of  motion  [8]  to  the 
entire  bullet: 

_  _  lim  — t+At  ~  -t  (7) 

-  "  At-*o  At 


DISCUSSION  OF  PHOTOGRAPHS 

Study  of  the  photographs  reveals 
several  things  about  the  impact. 

Perhaps  most  important  is  that 
extensive  fracture  occurs  at  the  bullet 
tip.  This  indicates  that  the  major 
factor  in  the  event  is  compressive 
loading  at  the  tip  rather  than  reflect¬ 
ed  tensile  shock  waves. 

Although  it  has  been  established 
that  initial  fracture  of  the  armor 
occurs  within  the  first  few  micro¬ 
seconds  [3],  the  pictures  show 
that  the  ceramic  resists  the  bullet  for 
a  much  longer  time.  Figure  3  shows 
that  at  17  microseconds  the  spall 
js  still  directed  parallel  to  the 
plate  surface,  indicating  no  pene¬ 
tration  of  the  projectile.  At  26 
microseconds  obliquely  directed 
spall  can  be  detected,  indicating  that 
penetration  has  begun.  Similarly, 
in  Figure  4,  no  penetration  is  evidenced 
at  15  microseconds.  This  indicates 
that  the  representation  of  the  armor 
as  a  rigid  surface  for  theoretical 
calculations  is  valid  for  a  significant 
portion  of  the  event. 

Figure  3  shows  that  the  jacket 
is  decelerated  less  than  the  core. 

At  the  later  times  the  core  can  be 


where  F  is  the  total  force  vector  appli¬ 
ed  to  a  body  in  a  given  direction  and 
G  is  the  momentum  in  the  same  direction. 
For  application  of  this  equation,  the 
projectile  is  subdivided  as  shown  in 
Figure  5.  Using  these  subdivisions, 
the  equation  can  be  rewritten: 

_  lim  5*-  '  (5A  +  £B>  (8) 

'F(t)  '  At-o - St - 


Expressing  the  momentum  in  terms  of 
mass  multiplied  by  volume  gives 


-F(t) 


lim  cVA|Ut+At 
^  t-*o 


0VAUt 


cVBUt 


(9) 


where  v  is  volume  and  u  is  velocity. 
The  volumes  of  A  and  A-  are  chosen 
to  be  equal,  and  the  volume  of  B  is 
A.u.At,  so  the  equation  can  be  re¬ 
written 


-F(t) 


lim 
At  'O 


oVA(ut+At 


-s(AtutAt)ut 


(10) 
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Fig.  3  -  Examples  of  ooen-lens 

photographs  of  .30  Cal. 
I2/AP  ballots  striking 
boron  carbide  armor  at 
2732  ft/soc.  Times:  6, 
12,  17,  and  2G  micro¬ 
seconds 


Fig.  4  -  Examples  of  open-lens 

photographs  of  .30  Cal.  M2/AP 
cores  striking  boron  carbide 
armor  at  2700  ft/sec.  Right 
angle  and  oblique  views  are 
shown  of  each  event.  Times: 
4,  6,  13,  and  25  microseconds 
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Fig.  5  -  Projectile  sub-divisions 
used  in  applying  the 
momentum  form  of  the  law 
of  motion 


dividing  both  the  numerator  and  the 
denominator  of  the  argument  of  the 
limit  by  At  gives 

_  Hm  '^VAut+'t  ut  .2,  ,,,, 

"F(t)  -  At"*0  - At - oAtut]  (U) 


When  the  limit  is  taken,  the  incre¬ 
mental  change  in  velocity  divided 
by  the  incremental  time  becomes  du/dt, 
which  is  the  acceleration  of  the  bullet 


-F(t)  =  cV.a  -  .  A.u‘ 

n  t  t 


(12) 


.'V.  is,  within  an  incremental  unit, 
equal  to  m  ,  Using  the  law  of  motion, 
equation  fl) ,  this  is  equal  to  Fg/a, 
Making  this  substitution, 


F  ( t) 


■s  +  rAtut 


Using  equation  (1), 

P(t)  =  -  maxAt  +  \ut 


(13) 


((4! 


With  th  equation  the  force  applied  to 
the  arrtk..  facing  at  any  time  during 
this  phase  of  the  impact  can  be  found. 
Required  are  values  for  the  area  of 
contact,  A. ,  and  the  velocity  at  the 
particular  time  u. .  These  values  are 
found  using  equation  (6) . 


PROJECTILE  DAMAGE  THEORIES 

In  this  section,  three  theories 
of  projectile  damage  are  examined. 

The  motion  of  the  projectile  is  computed 
until  the  completion  point  indicated 
by  each  theory.  At  this  completion 
point,  the  predicted  mass  remaining 
(mg)  is  noted  for  comparison  with 
experimental  values. 

Theories  considered  are  that 
pulverization  is  completed  when  a) 
the  armor  fractures  at  a  given  applied 
force,  b)  a  fixed  duration  of  impact 
passes,  and  c)  the  bullet  is  stopped. 
Predicted  mass  remaining  for  these 
theories,  as  a  function  of  bullet  veloc¬ 
ity,  are  snown  in  Figure  6. 


6  -  Three  sets  of  predictions 
of  the  extent  of  bullet 
damage,  with  experimental 
values.  The  predicted 
weight  of  core  not  pulver¬ 
ized  is  shown,  assuming 
bullet  damage  ceases 
when  the  a)  force  applied 
to  the  armor  exceeds  a 
given  value,  b)  a  constant 
time  interval  passes,  and 
c)  the  velocity  is  re¬ 
duced  to  zero 
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Also  indicated  m  figure  6  are 
experimental  values.  To  obtain  these 
values,  bullets  were  shot  at  sample 
tiles.  Provisions  were  made  to  collect 
all  of  the  spall  and  to  separate  the 
bullet  particles  from  the  armor  part¬ 
icles,  The  larger  particles  were  then 
weighed  to  provide  the  experimental 
values  in  Figure  6. 

Experimental  data  are  widely 
scattered,  so  definite  conclusions  can 
not  be  drawn.  The  points  agree  best 
with  the  coincident  predictions  for 
completion  of  pulverization  at  a  fixed 
duration  of  40  microseconds  and  for 
completion  when  projectile  velocity  is 
reduced  to  zero.  The  latter  is  pre¬ 
ferred  for  two  reasons.  First,  no 
rationale  has  been  proposed  for  damage 
stopping  at  a  fixed  time-other  than  an 
early  time  such  as  ten  microseconds, 
often  considered  the  time  when  armor 
fracture  occurs  [3].  Second,  the 
40  microsecond  curve  is  limited  to  a 
velocity  of  about  2900  ft/sec.  Beyond 
this  projectile  motion  is  reduced 
to  zero  in  less  than  40  microseconds . 


CONCLUSIONS 

This  paper  shows  that  the  appli¬ 
cation  of  quasi-static  theory  to 
projectile  impact  is  valid.  The  major 
damage  is  caused  by  compressive 
stresses  at  the  bullet  tip,  rather 
than  reflected  stress  waves  at  the 
tail. 

Observation  of  spall  direction 
in  the  photographs  indicates  that  no 
significant  penetration  of  the  armor 
occurs  until  late  jn  the  event.  This 
extends  the  duration  of  validity 
of  the  model  and  lends  credibility  to 
the  theory  t.nat  bullet  damage  continues 
until  the  bullet  is  stopped.  3ullet 
damage  studies  agree  better  with  this 
theory  than  others  considered,  out 
are  not  conclusive. 

The  armor  designer  should 
concentrate  on  developing  materials 
to  withstand  the  compressive  load 
rather  than  arranging  material 
impedances  to  reflect  the  maximum 
shock  energy  into  the  projectile. 
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A  SYSTEMATIC  APPROACH  TO  SHOCK  HARDENING 
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A  general  specification  for  the  shock  hardening  of  naval 
ordnance  has  been  recommended.  Some  background  leading 
to  the  recommendation  is  presented  along  with  the  salient 
features  of  the  proposed  specification. 


INTRODUCTION 

The  Navy  has  had  a  shock  program  in 
operation  since  the  early  1940's  when  the  an¬ 
cestor  of  MIL-S  '901  was  first  written  and  yet 
much  of  the  shipboard  equipment  is  still  quite 
fragile.  The  Naval  Ordnance  Systems  Com¬ 
mand  has  sought  to  improve  its  approach  to 
the  shock  problem.  Working  in  close  coopera¬ 
tion,  the  Naval  Ammunition  Research  Depot  at 
Crai.e,  Indiana,  and  Littleton  Research  and 
Engineering  Ccrp.  have  developed  a  general 
specification  for  shock  hardening  that  constit¬ 
utes  a  significant  step  toward  attainment  of  the 
long-sought  goal  of  shock  resistance  for  ship¬ 
board  equipment. 

BACKGROUND 

The  basic  weapon  in  the  Navy's  war 
against  shock  is  MIL-S-901  and,  while  MIL-S- 
901  is  a  reasonably  good  test  specification,  it 
is  by  no  means  a  complete  arsenal. 

1)  MIL-S-901  is  basically  a  test  require¬ 
ment.  The  tests  are  necessarily  performed 
late  in  the  development  cycle  and  are  included 
in  the  larger  group  of  environmental  tests  , 
(rain,,  sand  and  dust,  explosive  atmosphere,: 
etc. ).  Ordinarily  these  tests  represent  design 
conditions  that  are  not  given  the  same  kind  of 
intensive  attention  (analytic  and  developmental 
testing)  as  are  lavished  on  performance  and 
strength  requirements. 

When  failures  are  discovered  during 


testing,  there  is,  ordinarily,  no  completed 
dynamic  analysis  in  hand  to  guide  the  engineers 
in  their  fix  and  redesign  efforts.  The  redesign 
process  is  hampered  by  the  lack  of  knowledge 
and  understanding  that  an  analysis  can  provide. 

The  tests  occur  in  a  time  frame  in  which 
schedule  and  budgetary  pressures  are  at  a 
maximum.  When  a  problem  is  uncovered  in 
the  shock  test,  it  is,,  therefore,  very  tempting 
to  ask  for  Waivers  and  deviations  from  the 
specification.  In  the  past  waivers  and  devia¬ 
tions  have  been  readily  available.  The  specifi¬ 
cation,  therefore,  promotes  a:i  atmosphere  in 
which  failures  occur  regularly  and  are  accept¬ 
ed. 

2)  The  definition  of  '  failure  to  perform 
essential  function'  (MIL-S-ll01)  is  left  for  the 
procuring  agency  to  include  among  the  Order¬ 
ing  Data.  However,  it  is  often  missing,  leav¬ 
ing  the  definition  of  failure  a  vacuous  quantity. 

3)  MIL-S-°01  is  often  inappropriate.  It 
has  its  genesis  early  in  \Sorld  War  II  when,  in 
response  to  the  need  created  by  the  German 
mine  attack,  the  British  dev  eloped  the  light¬ 
weight  shock  machine.  The  design  criteria  of 
the  machine  was:  produce  a  shock  which  sim¬ 
ulates  damage  obserxed  m  the  fleet.  The  great 
majority  of  that  damage  was  below  decks,  in 
general,  and  m  the  engine  room  in  particular. 
The  important  attribute  that  this  criteria  poss¬ 
essed  was  that  the  shock  produced  was 


77 


iharaiten  ed  in  hi„h  lu-ovi'iivy  motions 
re  pre.sc  nl.it  i\  <■  tit  tli.  km  I  .mil  to  \i  r  dfil.  res¬ 
ponse  to  unite rw.it or  lit  ist. 

However,  most  oritn.oii  e  e<|ui  pment  is  toi  - 
.it  uit  high  up  in  the  slop  when  ,t  i-  exposed  to 
shoi  k  motions  tliat  have  been  si.h-i ant lally  tit¬ 
tered  Ijy  tile  slap's  sire. lure.  Upper  deck 
stioi  k  motions  are  i  liaraiteri.  ed  l>y  tow  tft(t-3t) 
h  )  troquetuy  motions  due  to  the  natur..!  tre- 
<|iietu  ics  ot  the  deiks  themselves. 

One  ioiiui.it  r  'suit  ot  these  sonditions  is  tliat 
equi pine nt  to  he  mounted  on  the  upper  decks 
has  often  required  shoik  isolation  to  pass  the 
spn  i  Hi  at 'on  imposed  test.  But  in  the  service 
installation  the  isolators  amplity  the  input  and 
often  must  he  removed. 

SVS't  E.MATIC  GENERAL  PROCEDURE 

I  he  de tic  lencies  discussed  above  suggest¬ 
ed  the  need  for  a  more  generally  applicable, 
svstematic  approach.  The  proposed  specifica¬ 
tion  attempts  to  satisfy  the  need  by  offering  a 
three  prong  procedure  >f  planning,  analysis, 
and  test  which  is  substantially  different  from 
that  utili/.ed  m.  the  past.  The  main  features  of 
the  proposed  specification  (which  is  appended) 
are: 

l)  Shared  technical  responsibility  between 
the  contractor  and  the  procuring  agency:' 

ft)  Planning  of  a  comprehensive  program 
of  substance  to  meet  the  shock  requirements: 

3)  Compatibility  between  top  specifica¬ 
tions  and  those  generated  for  procured  com¬ 
ponents . 

These  features  are  discussed  in  detail  below. 
SHARED  RESPONSIBILITY 

The  task  of  obtaining  shock  resistant 
equipment  is  divided  between  the  procurement 
agency  and  the  contractor.  The  part  played  by 
the  procurement  agency  is  not  trivial  or  short 
range. 

PROCUREMENT  AGENCY  TASKS 

1)  Determine  design  goals.  The  design 
toaK  are  required  for  incorporation  in  the  de¬ 
tail  specification.  Their  development  has  been 
discussed  above.  Sufficient  time  and  effort 
must  be  expended  to  do  a  thorough  job.  The 
procurer  must  assign  appropriate  levels  and 
choose  the  best  format  (time,  history,,  spec¬ 
trum.  etc.  )  for  the  particular  application.  In 


tne  event  that  the  procuring  agency  is  unable  to 
obtain  appropriate  design  goals,  a  minimum 
goal  and  test  level  are  provided. 

ft)  Determine  test  levels  and  acceptance 
criteria.  The  level  of  test  as  it  13  related  to 
the  design  goal  must  be  assigned.  It  will  be 
incorporated  in  the  detail  specification.  Usu¬ 
ally.  the  procurement  agency  will  specify  the 
test  method.  If  so,  care  must  be  taken  that  the 
design  goal  and  the  test  are  compatible.  They 
should  be  different  in  level  but  not  in  spectrum. 
A  substantial  difference  in  spectrum  between 
the  two  will  make  the  design  goal  become  of 
decreased  importance,  since  the  test  is  the 
primary  acceptance  device. 

3)  Accept  the  Program  and  System  Test 
Plans.  Acceptance  of  contractor  formulated 
program  and  system  test  plans  and  their  sub¬ 
sequent  incorporation  in  the  detail  specification 
injects  the  procurement  agency  into  the  uesign 
and  development  planning  cycle.  The  natural 
inclination  of  the  reviewer  will  be  to  concen¬ 
trate  on  the  technical  aspects  of  the  plan  -  the 
the  type  and  quality  of  the  analyses  and  test 
proposed  and  the  care  with  which  they  have 
been  thought  out.  However,  the  schedule  and 
manpower  proposed  to  carry  out  the  technical 
programs  are  direct  measures  of  the  contract¬ 
or's  ability  to  perform  and  the  realism  of  these 
proposals  will  be  subjected  to  close  scrutiny. 

The  completeness  and  accuracy  of  the  plan 
are  major  factors  in  determining  the  effective¬ 
ness  of  the  whole  shock  hardening  program. 
Great  care  will  therefore  be  required  in  the 
evaluation  of  these  plans. 

4)  Monitor  progress.  Once  an  acceptable 
program  has  been  agreed  upon,  the  procure¬ 
ment  agency  must  monitor  progress  and  es¬ 
sentially  police  the  program.  In  particular, 
compatibility  reports  of  GFE  shock  specula¬ 
tions  must  be  reviewed  and  appropriate  action 
taken.  Witnessing  of  system  tests  is  only  one 
small  part  of  the  monitoring  activity. 

5)  Accept  the  design. 

The  contractor's  tasks  are  extended  and 
enlarged  to  ensure  the  successful  development 
of  shock  resistent  equipment. 

CONTRACTOR  TASKS 

1)  Once  the  original  statement  of  the  shock 
requirement  is  made,  a  program  can  be  formu¬ 
lated.  This  program  is  the  single  most  impor¬ 
tant  factor  in  ensuring  the  development  of 
shock  resistant  hardware.  A  report  must  be 
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submitted  very  early  In  ihe  nrogran1  (perhaps 
two  weeks  after  receipt  of  contract)  describing 
the  shock  program  to  be  pursued,  'he  plan 
must  delineate  a  program  of  subst  n  whose 
duiation  would  be  the  length  of  tl  contract.  It 
in. ist  describe  work  to  bo  accomplished  and  fix 
a  schedule  of  intermediate  reports.  These  re¬ 
ports  would  be  required  at  various  stages  dur¬ 
ing  the  development  (i.  e.  Analytic  Model  Re¬ 
port.  Analysis  Results  Report.  Laboratory 
Test  Plan  Report.  Test  Results  Report,  Ship 
Test  Results  Report,  etc.  ).  The  importance 
of  the  plan  and  the  intermediate  reports  is  par¬ 
amount.  1-  requires  that  designers  consider 
the  shock  environment  from  the  very  beginning 
rather  than  merely  testing  for  it  at  the  end. 

The  effect  of  enforcing  the  plan  woi  Id  be  the 
consideration,  by  contractors,  of  the  shock  en¬ 
vironment  during  the  initial  design  phases  when 
the  greatest  potential  for  effective  eftort  is 
present. 

Z)  Both  analyses  and  tests  are  required  in 
several  increments.  Initially  a  preliminary 
analysis  must  be  done.  This  would  be  followed 
by  developmental  testing  of  components  and 
subassemblies.  Information  obtained  would  be 
utilized  in  a  refined  final  analysis.  Final  ac¬ 
ceptance  would  be  based  on  a  labor  atory  test. 

A  requirement  that  both  analysis  and  test  be 
done  is  not  to  subvert  the  final  requirement  of 
the  test  but  to  make  it  more  effective.  The 
shock  analysis  provides  several  important  ben¬ 
efits  to  the  designer. 

a)  He  gains  a  greater  understanding  of 
the  equipment  structure.  This  understand¬ 
ing  becomes  very  important  when  a  failure 
is  observed  during  test.  Failures  are  the 
mere  easily  fixed  and  redes. gns  effected 
when  there  is  an  analysis  in  hand. 

b)  The  analysis  will  aid  the  test  engin¬ 
eer  in  his  selection  of  instruments  and 
their  locations.  Without  an  analysis,  it  is 
easy  to  select  a  wrong  instrument  or  one 
with  an  inadequate  range.  The  most  criti¬ 
cal  locations  or  response  parameters  may 
not  be  obvious  without  an  analysis. 

c)  The  results  ot  analyses  will  be  used 
to  write  specifications  for  subcontractors 
that  are  meaningful  and  compatible  with 
higher  specifications.  For  this  reason, 
analysis  should  be  begun  as  early  as  possi¬ 
ble  in  the  program.  Perhaps  preliminary 
data  would  be  used  to  allow  the  first  analy¬ 
sis  to  be  done  quickly  so  that  subcontract¬ 
ors'  progress  would  be  impeded  as  little  as 
possible. 


3)  It  is  essential  i.hai  ihe  contractor  de¬ 
monstrate  the  compatibility  of  shock  require¬ 
ments  between  purchased  (or  GFE)  items  and 
top  level  specifications.  It  may  be  necessary 
to  conduct  dynamic  analyses  and  tests  of  par¬ 
tial  structures  to  obtain  mechanical  imped¬ 
ance.,  of  static  analyses  and  tests  to  oltain  in¬ 
fluence  coefficients.  The  purpose  of  these 
analyses  and  tests  is  to  obtain  information 
necessary  to  avoid  the  blind  application  of  top 
level  specifications  to  components  or  sub¬ 
assemblies  when  it  is  inappropriate  to  do  so. 
The  result  of  specification  incompatibility  is 
invariably  schedule  delay  and  increased  cost, 
or  unacceptably  delicate  equipment. 

The  results  of  all  analyses  and  tests  should 
be  periodically  reviewed  from  the  point  of  view 
of  possible  changes  to  lower  specifications 
(that  is,  the  requirements  placed  on  the  sub¬ 
contractors).  This  is  essential  if  the  assem¬ 
bled  equipment  (some  parts  of  which  are  de¬ 
signed  and  manufactured  by  the  prime  con¬ 
tractor,  and  some  parts  purchased  from  ven¬ 
dors)  is  to  meet  the  specifications.  Tne  prac¬ 
tice  of  writing  immutable  specifications  is 
self-defeating.  Specifications  should  be  writ¬ 
ten  early  with  the  understanding  that  later  on  in 
the  program  when  more  data  are  available,  the 
requirements  will  be  reviewed  and  their  valid¬ 
ity  checked.  Retaining  an  invalid  specification 
is  wasteful  of  time  and  money.  In  the  present 
case  many  equipments  are  acquired  to  MIL-S- 
901  when  it  is  inappropriate  to  do  so.  In  many 
cases  designers  who  are  attempting  to  do  a 
conscientious  job  must  design  equipment  to 
meet  an  unrealistic  test  requirement,  resulting 
in  a  corruption  of  the  intended  purpose  of  the 
specification. 

CONCLUSION 

Ordnance  equipment  is  in  general  among 
the  most  shock  sensitive  equipment  aboard 
ship.  This  need  not  be  the  case.  A  large  part 
of  past  problems  have  been  due  to  the  fact  that 
equipment  has  been  procured  with  little  or  no 
regard  to  its  shock  resistance.  It  has  been 
common  practice  among  contractors  to  seek 
deviations  or  waivers  to  shock  requirements. 
The  shock  requirement  is  usually  in  the  form 
of  a  test  required  late  in  the  development  cycle. 
At  that  time  tight  budget  and  schedule  press¬ 
ures  are  the  rule  rather  than  the  exception  and 
when  difficulty  is  experienced  meeting  the 
shock  requirements,  waivers  and  deviations 
are  sought  and  often  received. 

The  difficulties  inherent  with  the  applica¬ 
tion  of  MIL-S-°01  to  the  procurement  of  naval 
ordnance  have  led  to  the  proposal  that  a 
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>itei,.;>  uppr  ',u.  h  be  utilized  u>  the  procure-  be  more  effective  and  develop  tougher  equip¬ 
ment  >>!  shock  proot  equipment,  rim,  t^pe  of  men*  which  would  be  less  expensive  in  the  long 

pr«K  uremvit  would  be  more  expensive  than  run. 

i  iilTnil  practice  .n  the  short  run.  but  would 

APPENDIX 

MILITARY  DEVELOPMENT  SPECIFICATION 

SHOCK  HARDENING:  NAVAL  ORDNANCE, 

EQUIPMENT  AND  SYSTEMS, 

GENERAL  SPECIFICATION  FOR 


1.  SCOPE 

1.  1  Si  ope  This  spei  nil  at  loll  defines  the 
analysis  test,  data  and  reporting  require¬ 
ments  lor  shock  hardening  of  ordnance  sys¬ 
tems  and  levels  of  assembly. 

1.  2  Purpose  The  purpose  of  this  specific¬ 
ation  is  to  establish  a  uniform  approach  to  the 
hardening  of  ordnance  to  prevent  mechanical 
shock  damage  due  to  transportation,  handling 
or  hull-transmitted  shock  from  underwater 
non-contact  explosions  or  from  ship's  own 
weapons. 

1.  3  Classification 

1.  3.  1  Hull  mounted  Hull  mounted  items 
are  all  systems,  equipment  or  components 
thereof,  located  below  the  main  deck  and  sup¬ 
ported  principally  by  the  main  stiuctural  mem¬ 
bers  of  the  ship,  including  structural  bulk¬ 
heads.  Items  located  on  light  platforms,  decks 
or  similar  structures  are  excluded. 

1.  3.  I  Deck  mounted  Deck  mounted  items 
are  s>  ms.  equipment  or  components  there- 
ot.  lcc.  •,  on  main  deck  or  above  for  surface 
ships  a  id  items  located  on  light  platforms,, 
decks  and  non -structural  bulkheads  for  all 
ships., 

1.  3.  3  Shell  mounted  Shell  mounted  items 
are  equipment  or  components  thereof,  attached 
directly  to  shell  plating  or  hull  side  anti  bottom 
training  below  the  waterline. 

1.  i.  -1  Principal  units  Principal  units  are 
items  oi  equipment  or  assemblies  of  equipment 
•vh.ch  are  the  major  parts  of  a  system  such  as 
gun  mounts,  antenna  pedestals,  missile 
launchers  aid  similar  items  directly  supported 
by  ship's  structure  of  foundations. 

1.  3.  5  Subsidiary  components  Subsidiary 
components  are  items  of  equipment  o:  assem¬ 
blies  of  equipments  which  form  a  part  of,  or 
are  supported  on.  a  principal  unit.  These 


would  include  such  items  as  the  power  supply 
section  of  a  radar  receiver,  radar  antenna, 
fire  control  panel  or  a  circuit  breaker  mounted 
on  a  panel. 

1.  4  Definitions 

1.  4.  1  Equipment  shock  grade 

1.  4.  1.  1  Grade  A  Grade  A  items  are 
equipment  and  systems  essential  for  the  safety 
and  the  continued  combat  capability  of  ship  and 
personnel,  such  as  fire  control  systems,  wea¬ 
pons  stowage  and  handling  equipment,  gun 
mounts  and  launchers,  electronic  warfare 
items  or  night  vision  devices. 

1.  4.  1.  2  Grade  B  Grade  B  items  are 
equipment  and  systems  not  required  for  the 
safety  of  ship  and  personnel  or  the  continued 
combat  capability  of  the  ship  and  having  only  a 
limited  shock  hardening  requirement. 

1.4.  1.  3  Grade  C  Grade  C  items  are 
those  not  required  for  safety  of  ship  and  per¬ 
sonnel  or  the  combat  capability  of  the  ship  and 
having  no  shock  hardening  requirement  impos¬ 
ed  on  their  design  or  manufacture. 

1.  4.  2  Equipment  failures 

i.  4.  2.  1  Critical  failure  A  critical  fail¬ 
ure  to  Grade  A  equipment  is  a  failure  that  sig¬ 
nificantly  degrades  the  performance  of  the 
equipment's  function  or  creates  a  condition  to 
exist  th  .t  is  hazardous  to  personnel  or  vital 
equipment.  A  critical  failure  to  Grade  B  equip 
ment  is  a  failure  that  causes  a  condition  to 
exist  that  is  hazardous  to  personnel  or  to  vital 
equipment.  A  critical  failure  cannot  be  exper¬ 
ienced  by  Grade  C  equipment. 

1.  i,.'.2  Non-critical  failure  A  non- 
cntica’  failure  is  a  failure  that  significantly 
degrades  the  ability  of  Grade  B  or  Grade  C 
equipment  to  perform  its  specified  function. 

1.  4.  3  Levels  of  assembly  As  used  in 
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this  specification,  levels  of  assembly  shall  be: 

(a)  System 

(b)  Subsystem 

(c )  Equipment 

(d)  Component 

(e)  Part 

2.  APPUC ABLE  DOCUMENTS 

2.  1  Government  documents  The  following 
documents  of  the  exact  issue  shown  form  a 
part  of  this  specification  to  the  extent  specified 
herein.  In  the  event  of  conflict  between  the 
documents  referenced  herein  and  the  contents 
of  this  specification,  the  contents  of  this  speci¬ 
fication  shall  be  considered  a  superseding  re¬ 
quirement. 

SPECIFICATIONS 

MIL-S-901C  of  15  January  1963  -  Shock 
Tests,  H.  I.  (High-Impact); 
Shipboard  Machinery,  Equip¬ 
ment  and  Systems,  Require¬ 
ments  for 

STANDARDS 

MIL-STD-810B  of  15  June  1967  -  Environ¬ 
mental  Test  Methods 

MIL-STD-202D  of  14  April  1969  -  Test 

Methods  for  Electronic  and 
Electrical  Component  Parts 

PUBLICATIONS 

NAVSHIPS  250-423-30  of  May  1961  -  Shock 
Design  of  Shipboard  Equip¬ 
ment,  Dynamic  Analysis 
Method  (AD  265-425L) 

NAVSHIPS  250-423-31  Shock  Design  of 

Shipboard  Equipment,  Inter¬ 
im  Design  Inputs  for  Sub¬ 
marine  and  Surface  Ship 
Equipment 

NAVSHIPS  250-660-30  of  July  1949  -  A  Guide 
for  Design  of  Shock  Resist- 
and  Naval  Equipment 

NAVSHIPS  900-185A  of  April  1<>57  -  Guide  for 
the  Design  of  Shock  and  Vi¬ 
bration  Resistant  Electronic 
Equipment 

Naval  Research  Laboratory  Report  6267  of 

March  ll,65  -  Background 
for  Mechanical  Shock  Design 
of  Ships  Systems 
(AD  612  734) 

Naval  Research  Laboratory  Report  5618  of  June 
1961  -  Navy  High-Impact 
Shock  Machines  for  Light¬ 


weight  and  Mediumweight 
equipment  (AD  260  008) 
Naval  Ship  Research  and  Development  Center  - 
Report  C-2541  of  May  1968 
(Confidential)  A  Method  for 
Explosion  Shock  Testing  of 
Equipment  Located  in  Upper 
Levels  of  Surface  Ships  (U) 
(AD  393  268) 

David  Taylor  Model  Basin,  Underwater  Explo¬ 
sions  Research  Div.  Report 
7-61  Floating  Shock  Plat¬ 
form  for  Shock  Testing 
Eouipment  opto  30,000 
Pounds 

Naval  Ship  Research  and  Development  Center- 
Report  C-2391  of  June  1967 
Modification  of  a  Navy  High 
Impact  Shock  Machine  to 
Simulate  Shock  at  Upper 
Levels  of  Surface  Ships 
(AD  817  812) 

2.  2  Non-government  documents 

Applied  Technology  Associates  Re¬ 
port  124  of  January  1969 
Guide  for  Users  of  the  Dyn¬ 
amic  Design-Analysis 
Method  (AD  350  895) 

(Copies  of  specifications,  standards  and  publi¬ 
cations  required  by  suppliers  in  connection  with 
specific  procurement  functions  should  be  ob¬ 
tained  from  the  procuring  activity  or  as  dir¬ 
ected  by  the  contracting  officer.  Documents 
having  an  AD  number  may  be  obtained  from  the 
Defense  Documentation  Center,  Cameron  Sta¬ 
tion,  Alexandria.  Virginia  22314.  ) 

3.  REQUIREMENTS 

3-  1  Requirements  Shock  requirements  lor 
naval  ordnance  svstems,  equipment  and  com¬ 
ponents  shall  be  as  specified  herein  and  in  ac¬ 
cordance  with  the  applicable  detail  specifica¬ 
tion.  In  case  of  conflict,  this  specification 
shall  take  precedence  over  general  equipment 
specifications  in  the  determination  of  shock 
hardening  design,  development  and  testing  re¬ 
quirements. 

3.  2.  1  Principal  units  If  design  goals  are 
unspecified  in  the  detail  specification  or  the 
contract,  velocity-time  history  shown  in  Fig. 
la  shall  be  used  for  deck  mounted  (1.  3.  2) 
principal  units  (1.  3.  1)  and  the  shock  spectrum 
shown  in  Fig.  lb  for  hull  (1.  3.  1)  or  shell 
(1.  3.  3)  mounted  principal  units. 
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3.  2.  2  Subsidiary  Components  The  design 
gaul  ie r  subsidiary  cn,njv'nr|»t,s  (1  1.  Si  ^hall 
be  compatible  with  the  design  goal  of  the  prin¬ 
cipal  units.  Numerical  values  for  design  goals 
may  be  obtained  by  analysis,  by  test  of  punci- 
pal  units,  or  by  extrapolation  of  data  from  full- 
scale  ship  tests  of  sin. liar  equipment  or  sys- 
t  ems . 

5.  5  lest  level 

1.  3.  1  Principal  units  The  test  level  shall 
be  as  specified  in  the  detail  specification  of  the 
contract. 

3.  3.  1.  1  Principal  units  It  the  test  level 
is  unspecified  m  the  detail  specibcation  or  con¬ 
tract.  it  shall  be.  nominally,  two-thirds  of  the 
tic  ign  goal,  within  the  tolerances  shown  in  Fig. 
2a  and  2b.  Principal  units  that  are  hull  or 
shell  mounted  may  be  tested  in  accorance  with 
MIL-S-'UHC. 

3.  3.  2  Subsidiary  components  Subsidiary 
components  and  other  components  or  subassem¬ 
blies  not  mounted  on  prinicpal  units  shall  be 
tested  by  the  application  of  a  waveshape  or  a 
spectrum  having  a  nominal  amplitude  of  two- 
thirds  ihe  design  goal  (3.2.2),  unless  specified 
otherwise  in  the  detail  specification  or  con¬ 
tract  .. 

3.  -1  Shock  hardening  program  The  con¬ 
tractor  shall  establish  and  conduct  a  shock 
hardening  program  including,  as  a  minimum,, 
the  elements  required  by  this  specification. 

3.  -1.  1  Shock  hardening  program  plan  The 
purpose  of  the  shock  hardening  program  plan, 
hereinafter  called  the  plan,  shall  be  to  delin¬ 
eate  a  program  which  will  assure  the  develop¬ 
ment  of  shock  hardened  equipment.  The  .plan 
must  be  sufficiently  complete  and  detailed  that 
a  reasonable  assessment  of  the  contractor's 
ability  to  meet  the  shock  requirement  can  be 
performed.  As  a  minimum  the  plan  shall  in¬ 
clude  the  requirements  of  3.  -1.  3  to  3.  4.  7. 

3.  4.  2  Upon  approval  by  the  procuring 
agency.  the  plan  shall  become  a  part  of  the 
detail  specification. 

3.  4.  3  The  plan  shall  include  a  description 
of  the  preliminary  analysis  (3.  5.  1)  to  be  per¬ 
formed.  It  shall  include  a  statement  of  the  in¬ 
put  forces,  a  list  of  the  response  variables  to 
be  studied,  a  definition  of  the  analytic  model  or 
models  to  be  employed  and  a  presentation  of 
the  method  of  solution. 


system,  subsystem,  equipment,  component 
and  parts  testing  (4.  2.  1)  required. 

3.  4.  5  The  plan  shall  outline  the  final  anal¬ 
ysis  (3.  5.  3),  list  the  subsystem  and  component 
data  (4.  2.  1. 2)  to  be  incorporated  in  the  analy¬ 
sis,  and  list  the  response  variables  to  be  stud¬ 
ied. 

3.  4.  6  The  plan  shall  state  the  analysis 
(3.  5)  and  test  (4.  2)  schedules. 

3.  4.  7  The  plan  shall  state  the  level  and 
amount  of  engineering  and  supporting  effort  to 
be  employed  in  the  analysis  and  test  efforts. 

3.  5  Analysis 

3.  5.  1  A  preliminary  analysis  shall  be  per¬ 
formed  to  determine  the  dynamic  response  of 
the  equipment  to  the  shock  loads  defined  as 
design  goal  (3.2).  The  results  shall  be  incor¬ 
porated  in  component  specifications  (3.8), 
intermediate  analyses  and  test  requirements  at 
levels  of  assembly  below  the  system  level. 
Specifications  of  government  furnished  equip¬ 
ment,  incorporated  in  the  design,  shall  be  re¬ 
viewed  to  assess  specification  compatibility. 

3.  5.  2  A  preliminary  shock  analysis  report 
shall  be  submitted  in  which  there  is  a  detailed 
description  of  the  analytic  model  employed,  the 
forcing  functions  used,  the  method  of  solution 
and  the  results. 

3.  5.  3  A  final  analysis  shall  be  performed 
to  determine  the  dynamic  response  of  the 
equipment  to  the  shock  loads  defined  as  design 
goal  in  3.  2.  The  results  of  subsystem  and 
equipment  tests  (4.  2.  1)  shall  be  incorporated. 
Specifications  of  components  and  government 
furnished  equipment  shall  be  reviewed  to  ass¬ 
ess  specification  compatibility.  The  final  anal¬ 
ysis  shall  be  sufficiently  detailed  that  all  fail¬ 
ure  criteria  of  3.  6.  4  are  accurately  predict¬ 
able.  The  final  analysis  shall  be  the  basis  for 
acceptance  in  the  event  no  system  testis  per¬ 
formed  (3.  11) 

3.  5.  4  A  final  shock  analysis  report  shall  be 
submitted  in  which  there  is  a  detailed  descrip¬ 
tion  of  the  analytic  model,  the  forcing  functions 
used,  the  method  of  solution  and  the  results. 

3.  5.  4.  1  The  final  shock  analysis  report 
shall  include  a  detailed  description  of  sub¬ 
system  and  component  tests  (4.  2.  1)  and  a 
statement  of  the  results. 

3.  5.  4.  2  Based  upon  the  result  of  the  sys¬ 
tem  tests,  a  revised  final  shock  analysis  report 


3.  4.  4  The  plan  shall  list  and  describe  the 
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may  be  submitted. 

3.  6  System  test  pl»n 

3.  6.  1  The  system  test  plan  shall  describe, 
in  detail,  the  methods,  procedures  and  mach¬ 
inery  by  which  the  loads  will  be  applied. 

3.  6.  1.  1  The  system  test  plan  shall,  upon 
approval  by  the  procuring  agency,  become  a 
part  of  the  detail  specification. 

3.  6.  2  The  system  test  plan  shall  describe 
all  jigs  and  fixtures  to  be  used  in  testing. 

3.  6.  3  Test  :r strumentation  shall  be  des¬ 
cribed  in  detai..  The  description  shall  include, 
but  shall  not  be  limited  to: 

(a)  Transducers,  their  amplitude  and 
frequency  ranges  and  their  range  of  linear¬ 
ity. 

(b)  Signal  processing  equipments,  their 
amplitude  and  frequency  ranges  and  their 
range  cf  linearity. 

(c)  Data  processing  methods  and  equip¬ 
ment,  their  amplitude  and  frequency  ranges 
and  their  range  of  linearity. 

(d)  Transducer  location  shall  be  des¬ 
cribed  and  justified  on  the  basis  of  analysis 
or  test. 

3.  6.  4  Definition*  of  equipment  failure  relat¬ 
ing  to  structural  and  performance  requirements 
shall  be  stated.  They  shall  include,  but  not  be 
limited  to‘ 

(a)  Vleldlng.  Is  yielding  permitted?  If  so, 
which  memters  and  to  what  extent? 

(b)  Misalignment  (mechanical,  electrical, 
optical,  etc.).  Is  misalignment  toler¬ 
able?  If  so,  which  elements  and  to  what 
extent? 

(c)  Pressure.  Are  pressure  variations  ac¬ 
ceptable?  If  so,  to  what  extent? 

(d)  Friction.  Are  friction  variations  ac¬ 
ceptable?  If  so.  to  what  extent? 

(e)  Fasteners.  Is  fastener  loosening  toler¬ 
able?  If  so,,  to  what  extend? 

(  f)  Performance  requirements.  What  are 
the  performance  requirements  prior  and 
subsequent  vO  test? 

3.  7  System  test  results 

3.  7.  1  A  system  test  report  shall  be  sub¬ 
mitted  stating  the  results  obtained  m  the  sys¬ 
tem  tests  (3.  6)  and  comparing  them  with  those 
reported  in  the  final  analysis  report  (3.  5.  4.  1) 

3.  7.  2  Any  repair  or  readjustment  necess¬ 


ary  to  operate  the  equipment  following  the  test 
shall  be  described  in  detail  along  with  an  ac¬ 
count  of  the  time  required,  the  level  of  expert- 
ise  required  oi  the  repairmen  and  tuc  iepoir 
equipment  required. 

3.8  Component  specifications 

3.  8.  1  Component  specifications  shall  be 
written  by  the  contractor  for  all  components 
purchased  by  the  contractor  for  incorporation 
into  the  system. 

3.  8.  2  The  validity  of  the  component  specif¬ 
ications  shall  be  initially  justified  by  the  pre¬ 
liminary  analysis  (3.  5.  1)  and  shall  be  verified 
by  final  analysis  (3.  5.  3)  or  test  results  (3.  4.  3). 
Revisions  shall  be  made  as  required. 

3.  9  Government  furnished  equipment 

3.  9.  1  The  shock  specifications  of  govern¬ 
ment  furnished  equipment  (if  any)  shall  be  re¬ 
viewed  to  assess  their  compatibility  with  t.ie 
equipment  environment.  The  initial  assess¬ 
ment  shall  be  based  on  the  preliminary  analysis 
and  shall  be  updated  when  the  results  of  the 
final  analysis  and  test  programs  become  avail¬ 
able. 

3.  9.  2  The  resuHc  of  this  review  shall  be 
reported  in  either  the  system  test  report 
(3.  7.  1)  or  the  final  snock  analysis  report 
(3.5.4). 

3.  10  Extensions  No  extensions  shall  be 
permitted  unless  they  are  justified  by  a  de¬ 
tailed  analysis  and  the  accuracy  of  the  analytic 
model  has  been  established  by  prior  system 
test. 

3.  11  Basis  of  acceptance  Systems  and 
equipment  shall  be  accepted  on  the  basis  of 

(a)  System  Test  Report  (3.  7.  1) 

(b)  Final  Shock  Analysis  Report  (3.  5.  4); 
when  equipment  is  too  large  or  too 
heavy  to  be  tested 

(c)  Combination  of  test  and  analysis, 
when  tests  at  a  higher  level  of  as¬ 
sembly  verify  the  analysis  at  a  lower 
level  of  assembly.. 

In  no  case,,  however,  shall  the  acceptance  on 
the  basis  of  analysis  at  a  certain  level  of  ass¬ 
embly  lead  to  the  acceptance  of  a  higher  level 
of  assembly  without  the  interposition  of  a  test. 

3.  12  Acceptance  criteria  Unless  stated 
otherwise  in  the  detail  specification  or  con¬ 
tract,  acceptance  criteria  shall  be  as  follows: 

(a)  A  minimum  ol  3  tests  at  the  specified 
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test  level  (3.  3)  shall  be  conducted; 
shocks  shall  be  applied  in  each  dir¬ 
ection  specified  in  the  detail  specifi¬ 
cation  or  contract. 

(b)  Critical  failures  ( 3.  6.  -1  and  1.  4.  2.  1) 
shall  be  cause  for  rejection. 

3.  1 3  Marking 

3.  1  3.  1  Note  for  drawings  Equipment 
which  meets  the  requirements  specitied  herein 
and  has  been  approved  by  the  procuring  agency 
shall  include  the  following  marking,  along  with 
the  applicable  grade  (1.4.  1)  either  A  or  B, 
on  the  assembly  drawing  for  the  equipment: 

(a)  SHOCK  HARDENED  DESIGN. 

GRADE _ 

4.  QUALITY  ASSURANCE  PROVISIONS 

4.  1  Data  requirements 

4.-1.  1  ShocK  hardening  program  plan  A 
shock  1'irdening  program  plan  (3.  4)  shall  be 
submitted  to  the  procuring  agency  not  more 
than  30  days  after  award  of  the  contract,  un¬ 
less  a  d.fferent  time  period  is  stated  in  the 
contract  schedule. 

4.  ! .  1  Preliminary  shock  analysis  report 
A  preliminary  shock  analysis  report  (3.  5.  2) 
shall  be  submitted. 

4.  1.  3  Final  shock  analysis  report  A  final 
shock  analysis  report  (3.  5.  4)  shall  be  submit¬ 
ted  at  least  30  days  prior  to  initiation  of  sys¬ 
tem  tests. 

4.  1.  4  System  test  plan  A  system  test 
plan  (3.  6)  shall  be  submitted  at  least  30  days 
prior  to  system  testing. 

4.  1..  5  System  test  report  A  system  test 
report  (3.  7)  shall  be  submitted  not  more  than 
30  days  after  completion  of  system  tests. 

4.  2  Test  requirements 

4.  2.  1  Development  tests 

4.  2.  1.  1  Vibration  tests,  mechanical  im¬ 
pedance  tests  as  well  as  shock  tests  of  various 
types  may  be  used  at  the  discretion  of  the 
developer  for  the  purpose  of  determining  de¬ 
sign  data  or  other  information  useful  to  the 
development  effort  and  to  the  attainment  of  the 
design  goal.  All  such  tests  shall  be  described 
m  detail  m  the  system  test  plan. 

4.  2.  1.  2  Subsystem  and  component  tests 


Subsystem  and  component  tests  shall  be  con¬ 
ducted  during  development  and  shall  include, 
but  not  be  limited  to,  the  tests  of  4.  2.  1.  2  to 
4.  2.  1.  2.  4. 

4.  2.  1.  2.  1  Foundation  test  If  a  foundation 
is  supplied  by  the  contractor,  a  mechanical 
impedance  test  of  the  foundation  shall  be  per¬ 
formed  and  the  results  incorpora  ted  in  the  final 
analysis  (3.  5.  3). 

4.  2.  1.2.2  Non-linear  elements  tests  The 
force -deflection  characteristics  of  non-linear 
elements  (shock  or  vibration  isolators,  plastic¬ 
ally  deforming  structural  elements,  pneumatic 
devices,  viscoelastic  elements,  etc.)  shall  be 
determined  by  test.  The  effects  of  non- zero 
strain  rate  shall  be  included.  The  results  of 
these  tests  shall  be  incorporated  in  the  final 
analysis  (3.  5.  3). 

4.  2.  1.  2.  3  Elastic  characteristics  The 
elastic  (or  plastic)  characteristics  which  can¬ 
not  be  predicted  analytically  with  reasonable 
accuracy  shall  be  determined  by  test. 

4.  2.  1.  2.  4  Parts  Electrical  and  mechan¬ 
ical  parts  (resistors,  transistors,  bearings, 
etc.  )  shall  be  tested  in  accordance  with  MIL- 
STD-202,  Method  213A. 

4.2.2  Qualification  and  acceptance  tests 

4.  2.  2.  1  Witnessing  Witnesses  from  the 
procuring  agency  shall  be  invited  to  observe 
qualification  and  acceptance  tests. 

4.  2.  2.  2  Rough  handling  shock  Bench- 
repairable  equipment,  weighing  100  pounds  or 
less,  shall  be  tested  for  resistance  to  rough 
handling  shock  in  accordance  with  MIL-STD- 
81 0B,  Method  516,  Procedure  V. 

4.  2.  2.  3  Transportation  Shock  Equipment 
and  components  that  may  be  shipped  shall  be 
tested  for  resistance  to  transportation  shock  in 
accordance  with  MIL-STD.  810B,  Method  516, 
Procedure  II. 

4.  2.  2.  4  Hull-transmitted  shock 

4.  2.  2.  4.  1  Tests  to  determine  resistance  to 
damage  from  hull-transmitted  shock  shall  be 
performed  in  accordance  with  the  requirements 
of  3.  3  and  3.  6. 

4.  2.  2.  4.  2  lests  shall  be  conducted  with  the 
equipment  in  a  ready  state.  Electrical,  hyd¬ 
raulic  and  penumatic  power  shall  be  on.  Rotat¬ 
ing  parts  shall  be  turning  at  rated  speed. 
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4.  2.  2.  4.  2.  1  One  test  shall  be  conducted,  (c)  NSRDC  Report  C-2541  of  May  1968 

in  each  direction  specified,  with  the  equipment  (d)  NSRDC  Report  C-2391  of  June  1967 

in  the  dormant  (power-off  or  non-operating) 
state. 

4.  2.  2.  4.  3  Prior  to  each  test  and  subse¬ 
quent  to  each  test  the  equipment  shall  be  oper¬ 
ated  to  determine  whether  the  equipment  is 
capable  of  meeting  its  performance  specific¬ 
ations. 


4,  2.  2.  4.  4  Structural  damage  and  other 
damage  of  a  non-critical  nature  (1.  4.  2.  2)  shall 
be  repaired  before  continuation  of  testing. 

4.  2.  2.  5  Instrumentation  Instrumentation 
shall  be  employed  to  serve  the  following  ends: 

(a)  to  verify  that  the  test  imput  meets 
the  requirements. 

(b)  to  discover  failures  -  particularly 
those  itemized  in  3.  6.  4. 

(c)  to  obtain  data  necessary  to  verify 
component  specifications  (3.8). 

4.  2.  3  Production  tests  This  specification 
is  not  applicable  to  production  tests. 

5.  PREPARATION  FOR  DELIVERY 

5.  1  This  section  is  not  applicable  to  this 
specification. 

6.  NOTES 

6.  1  Design  guidance  The  following  refer¬ 
ences  are  provided  for  the  assistance  of  the 
equipment  designer  and  for  the  assistance  of 
the  approving  agency.  The  application  of  this 
design  guidance  material  shall  not  detract  from 
or  take  precedence  over  the  requirements  of 
this  specification  or  the  detail  specifications. 

(a)  NAVSHIPS  250-423-30  of  May  1961 

(b)  NAVSHIPS  250-423-31 

(c)  NAVSHIPS  250-660-30  of  July  10-io 

(d)  NAVSHIPS  900-185A  of  April  i«67 

(e)  ATA  Report  124  of  January  196" 

(  f )  NRL  Report  6267  of  March  1"65 

6,  2  Test  Guidance  The  hollowing  refer¬ 
ences  are  provided  for  the  assistance  of  the 
test  designer  and  for  the  assistance  ol  the  ap¬ 
proving  agency.  The  application  of  this  teat 
guidance  material  shallnot detract  from  or  take- 
precedence  over  the  requirements  of  this 
specification  or  the  detail  specifications.; 

(a)  NRL  Report  5618  of  June  l'*ol 

(b)  UERD  Report  7-61 
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DISCUSSION 


Mr.  Sullivan  (NavSec):  I  gather  you  are  familiar 
with  Mil-S-901,  and  I  believe  there  is  a  statement  In 
It  concerning  the  mounting  of  equipment  In  a  manner 
that  simulates  shipboard  installation.  Is  that  cor¬ 
rect? 

Mr.  Llpeles;.  Yes,  that  Is  true.  The  specifica¬ 
tion  requires  that.  In  the  course  of  carrying  out  this 
study  we  surveyed  a  large  number  of  ordnance  pro¬ 
grams,  and  one  of  the  curious  things  that  we  found  is 
that  there  are  several  details  of  Mil-S-901  that  are 
invariably  neglected,  and  that  Is  one  of  the  most  im¬ 
portant  ones  that  Is  almost  always  neglected, 

Mr.  Sullivan:  But  It  Is  a  fixturing  problem,  not 
necessarily  a  basic  fault  of  the  machine.  The  specifi¬ 
cation  permits  you  to  introduce  those  frequencies,  if 
they  are  critical  parameters  that  are  important  to 
the  equipment  boing  tested.  You  also  commented  on 
determining  the  test  levels  as  something  that  would  be 
done  for  each  particular  piece  of  equipment.  I 
wondered  who  would  do  this  ? 

Mr,  Llpeles:  We  en  isioned  that  that  would  be  a 
task  of  the  procurement  agency.  We  recognize  that 
that  in  itself  is  a  problem  area.  Many  procurement 
agencies  are  not  technically  qualified  to  carry  out  that 
function,  but  there  are  many  people  in  various  labor¬ 
atories  outside  of  the  procurement  agencies  who 
could  carry  out  that  function,  and  there  is  sufficient 
technical  expertise  so  that  that  should  not  be  a 
stumbling  block. 

Mr.  Sullivan:  I  am  sure  you  appreciate  that 
procurement  is  spread  out  among  several  hundred 
procuring  agencies,  and  having  several  hundred 
people  specify  inputs  for  different  pieces  of  the  same 
ship  might  lead  to  a  Utile  bit  of  confusion.  Another 
point  you  mentioned  concerned  a  combined  effort  of 
analysis  and  test,  which  is  fine,  but  it  has  always 
been  a  problem,  I  gather  you  were  proposing  that  we 
have  some  sort  of  definite  schedule  of  running  ana¬ 
lytical  studies  and  preUminary  test  s  that  would  be  a 
formal  part  of  the  contract,  and  I  wonder,  what 
happens  when  you  get  down  to  the  final  test  which  you 
referenced  and  the  equipment  fails  ?  Who  is  respon¬ 
sible  for  correcting  the  failure  ? 

Mr,  jiggles:  Did  I  understand  you  to  say  that 
you  questioned  who  was  responsible  for  carrying  it 
out? 

Mr.  aUUvan:  No.  You  had  a  joint  effort  be¬ 
tween  the  procuring  agency  and  the  supplier  in  ad 


hoeing  this  piece  of  equipment  up  to  the  test  and  then 
you  are  going  to  run  your  final  test.  Hypothesizing 
that  something  happens  during  that  test  and  the  equip¬ 
ment  fails,  who  fixes  it. 

Mr.  Llpeles:  The  contractor.  After  all  it  Is  his 
job  to  build  something  that  meets  the  specification 
since  there  are  design  levels.  That  is  really  one  of 
the  major  problems.  It  is  very  common  that  a  test 
will  be  run  and  there  is  a  failure  and  nothing  gets 
done  about  it. 

Mr.  Sullivan:  Would  you  propose  that  the  Navy 
in  this  case  review  and  approve  his  analytical  work 
leading  up  to  this  final  test  ? 

Mr,  Llpeles:  I  did  not  mention  all  of  the  require- 
ments  of  this  specification.  There  are  a  number  of 
reports  that  are  required.  All  of  the  analytical  re¬ 
sults,  both  preliminary  and  final,  are  required  to  be 
reported,  but  none  of  them  are  the  basis  of  acceptance 
except  the  final  test. 

Mr,  Baton  (Grumman  Aircraft) :  There  are  cases 
in  which  it  would  be  advantageous  to  mount  these 
various  items  of  equipment  on  shock  mounts.  To 
what  extent,  if  any,  do  you  propose  that  the  contrac¬ 
tors  investigate  the  advantage  in  their  analysis  prior 
to  fabrication  ? 

Mr.  Llpeles:  I  would  expect  that  once  the  levels 
have  been  specified,  if  shock  mounting  is  required  to 
meet  those  levels  then  those  shock  mounts  are  part 
of  the  design  and  therefore  the  contractor's  respon¬ 
sibility. 

Mr.  Balan:  There  are  two  alternatives:  one 
possible  way  would  be  to  hard-mount  the  equipment, 
and  the  other  way  would  be  to  soft  mount  the  equip¬ 
ment,  The  advantages  and  disadvantages  of  each 
method  are  not  immediately  apparent.  It  woulu  seem 
to  me  as  though  it  would  be  desirable  for  the  pro¬ 
spective  vendor,  or  the  contractor,  to  be  directed  to 
analyze  and  to  predict  the  advantage  of  soft  mounting 
as  opposed  to  the  typical  or  usual  way  of  hard  mount¬ 
ing. 

Mr.  Llpeles:  I  would  expect  that  a  requirement 
that  a  piece  of  equipment  be  either  hard  mounted  or 
soft  mounted  would  be  specified  in  the  detailed 
specification.  If  a  procurement  agency  wanted  to  go 
one  particular  way,  they  would  say  so. 


88 


THE  DEVELOPMENT  OF  SHOCK  TEST  CRITERIA  FOR 
AIRCRAFT  DISPENSER  WEAPON  EJECTION  MECHANISMS 


K.  D.  Denton,  K.  A.  Herzing,  S.  N.  Schwantes 
Honeywell  Inc. ,  Ordnance  Division 
Hopkins,  Minnesota 


External  stores  carried  on  aircraft  are  subjected  to  a  number  of 
dynamic  environments  from  external  sources.  Typical  external 
sources  of  expiation  are  boundary  layer  pressure  fluctuations  causing 
store  '  '  fi  ,  _,:-,ock  excitation  from  a  hard  or  arrested  landing.  In 

additijn,  ■  -  ial  stores  have  unique  self-induced  dynamic 

environr 

One  sign  induced  environment  occurs  on  the  SUU-38  munitions 

dispenser  ’  .es  pyrotechnic  ejection  mechanisms  to  eject  thirty 
canisters  in  sequence  during  captive  carriage.  As  each  ejection  occurs, 
the  adjacent  remaining  canisters  and  the  dispenser  are  subjected  to  a 
pyrotechnic  induced  shock  environment.  This  paper  describes  a  test 
program  and  the  associated  analysis  which  were  conducted  to  develop 
both  an  impact  shock  test  criteria  and  a  shock  spectrum  simulation 
test  for  the  SUU-38  dispenser  ejection  mechanism.  The  shock  spectra 
of  the  dispenser  response  to  canister  ejection  and  the  corresponding 
response  to  a  MIL-STD-810B  crash  shock  test  are  also  compared. 


INTRODUCTION 


External  stores  carried  on  tactical  aircraft 
are  subjected  to  a  number  of  different  dynamic 
environments.  The  commonly  recognized 
environments  are  those  which  produce  vibration 
or  shock  transients  through  external  excitation, 
such  as  fluctuating  aerodynamic  pressures 
which  act  upon  the  store  surface  or  abrupt  air¬ 
craft  deceleration  produced  by  a  hard  landing. 
Structural  loads  and  stresses  due  to  these 
souices  are  commonly  included  in  the  design 
calculations  for  external  stores. 

Certain  external  stores  have  significant  self- 
induced  environments  which  should  also  be 
considered  during  the  design  and  test  activities. 
One  such  self-induced  environment  occurs  on 
external  stores  which  eject  cargo  or  munitions 
during  captive  carriage.  The  SUU-38  version 
of  the  Tactical  Fighter  Dispenser  (TFD)  sequen¬ 
tially  ejects  thirty  cargo  canisters  downward 
during  captive  flight.  An  electrically  initiated 
pressure  cartridge  is  used  in  the  ejection 
mechanisms  to  achieve  sufficient  canister 
ejection  velocity  for  safe  separation  from  the 
aircraft. 


During  the  development  program  of  the  SUU  -  38, 
a  qualification  and  acceptance  specification  was 
written  for  procurement  of  the  pressure  car¬ 
tridge.  At  this  time,  it  was  felt  that  the  MIL- 
STD-810B,  30-g  crash  shock  requirement  for 
the  dispenser  approximated  the  most  severe 
operational  shock  environment  experienced  by 
the  pressure  cartridge.  However,  after  the 
SUU-38  system  was  in  production,  laboratory 
testing  of  the  dispenser  indicated  that  unfired 
pressure  cartridges  experienced  significantly 
higher  induced  shock  from  the  ejection  of 
adjacent  canisters. 

Self- induced  environments  are  unique  to  the 
system  in  which  they  occur;  therefore,  no 
general  shock  specification  can  be  expected  to 
furnish  appropriate  test  criteria  for  components 
in  a  system  such  as  the  SUU-38  dispenser. 
Consequently,  the  test  program  and  associated 
analysis  described  in  this  paper  were  conducted 
to  develop  a  more  realistic  component  shock 
test  specification  for  the  SUU-38  pressure 
cartridge. 
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SYSTEM  DESCRIPTION 


mounted  on  an  F-105  aircraft.  Note  the  thirty 

1.  Dispenser  Description  small  rectangular  openings  on  the  bottom  of 

each  dispenser.  Each  of  these  openings  con- 
Fig.  1  shows  three  empty  SUU-38  dispensers  tained  a  canister  prior  to  ejection. 


FIG.  1.  SUU-38  Dispensers  on  F-105  Aircraft 

The  SUU-38  has  been  flown  with  and  without 
tail  fins.  With  the  tail  fins  (see  Fig.  2)  the 
loaded  dispenser  weight  is  931  pounds,  and  the 
empty  weight,  after  all  cargo  is  ejected,  is 
268  pounds.  The  basic  TFD  dispenser  was 
designed  with  ten  bays,  each  measuring  14.  25 
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2.  Adapter  Description 

The  SUU-38  version  of  the  TFD  dispenser 
was  required  to  have  30  bays  instead  of  ten  so 
an  adapter  was  designed  which  subdivides  each 
bay  into  three  sub-bays,  (see  Fig.  3).  Each 
sub-bay,  located  on  4.  74  inch  centers,  has  a 
separate  canister  ejection  retention  system 
(see  Fig.  4). 


EJECTION 

SYSTEM 

COMPONENTS 


SUPPORT  BEAM 


ADAPTER 
ASSEMBLY 
10  PER  DISPENSER 


-  PRESSURE  CARTRIDGE 


CANISTER 
ASSEMBLY 
J  PER  ADAPTER 


FIG.  3.  Adapter  Assembly  SUU-38  Dispenser 


Three  canisters  are  loaded  into  each  adapter. 
The  adapters  are  attached  to  the  dispenser  by 
means  of  two  3/8-inch  diameter  bolts.  The 
adapters  remain  in  the  dispenser  after  cargo 
ejection.  Note  that  the  ejection  and  retention 
forces  are  first  transmitted  to  the  adapter 
support  beam.  The  support  beam  then  transfers 
loads  through  the  two  3/8-inch  bolts  into  the 
primary  dispenser  structure. 

3.  Retention  Ejector  Assembly 

This  assembly  (see  Fig.  4)  includes  the 
thruster  body  and  retaining  ring,  the  piston 
assembly,  and  the  pressure  cartridge.  The 
thruster  body  is  attached  to  the  adapter  beam 
by  means  of  a  snap  ring  on  the  lower  side  and 
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FIG.  4.  Canister  Adapter  Interface 
(Exploded  View) 

a  shoulder  on  the  thruster  body  on  the  upper 
side  (see  Fig.  4).  In  order  to  assure  instal¬ 
lation  of  the  snap  ring,  piece-part  tolerances 
are  such  that  a  gap  of  about  0. 012  inch  will 
normally  occur  between  the  snap  ring  and  the 
bottom  of  the  adapter  beam.  The  allowable 
gap  ranges  from  0.  003  to  0.  021  inch. 

The  piston  assembly  is  threaded  into  the 
thruster  plate  of  the  canister  to  a  predeter¬ 
mined  torque.  The  four  segmented  flange 
sections  or  retention  fingers  will  then  bear  out 
against  the  mating  shoulder  on  the  thruster 
body,  and  the  thruster  plate  will  also  hear  out 
on  the  bottom  of  the  adapter  support  be  jm. 

The  pressure  cartridges  are  then  threaded  into 
the  thruster  body. 


4.  Pressure  Cartridge  Description 

The  SUU-38  pressure  cartridge  (see  Fig.  5) 
is  basically  a  threaded  steel  header  with  a  thin 
metal  cup  containing  the  propellant.  Two  3teel 
pins  carry  the  signal  through  the  header  to  the 
ends  of  the  nichrome  bridgewire.  The  bridge- 
wire  is  welded  to  each  end  of  the  pins.  The 
bridgewire  bond  is  probably  the  part  most 
susceptible  to  high  level  shock,  out  its  small 
mass  keeps  inertia  loads  at  a  minimum.  The 
bridgewire  is  much  smaller  in  diameter  than 
the  pins,  thus  making  it  the  high  resistance 
element  in  the  electrical  circuit. 
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'  '  V. 


FIG.  6.  SUU-38  Suspended  In  Ejection  Fixture 


A  •  piezoelectric  accelerometer 
P  •  PIEZOELECTRIC  PRESSURE  TRANSDUCER 

FIG.  7.  Test  Instrumentation  Location 


The  ejection  sequence  was  the  same  as  the 
operational  ejection  sequence,  which  is  auto¬ 
matically  controlled  by  the  intervalometer 
during  in-flight  ejections.  During  this  sequence 
canisters  are  ejected  from  the  aft,  center,  and 
for"su  o  sub-bays  in  each  adapter.  The  bay-to- 
bay  ejection  sequence  is  designed  to  minimize 
the  dispenser  center-of-gravity  shift  during 
canister  ejections.  Table  1  illustrates  the 
sequence  employed  during  the  pressure 
cartridge  shock  environment  ejection  tests. 

The  second  and  ithird  ejecth  >s  were  errone¬ 
ously  performed  out  u  sequence.  Based  on 
subsequent  review  of  all  shock  transients  in 
other  bays,  this  error  had  no  significant  effect 
on  the  validity  of  the  data  acquired  in  bay  10. 
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FIG.  5.  Pressure  Cartridge  Construction 
(Typical) 


5.  Ejection  Event  Description 

An  electrical  signal  of  the  proper  voltage 
heats  the  bridgewire,  initiating  the  ignitor 
mixture  which  ignites  the  primary  propellant 
In  the  cartridge.  After  the  ignition  is  started, 
the  propellant  cup  on  the  bottom  of  the  car¬ 
tridge  bursts,  allowing  the  gases  to  expand  into 
and  pressurize  the  thruster  body  and  piston 
volume.  The  piston  area  exposed  to  the  pres¬ 
sure  is  0. 635  square  inch.  At  about  1400  psi, 
the  gas  pressure  causes  the  segmented  flange 
sections  on  the  piston  to  bend  inward  and  fail, 
allowing  the  piston  assembly  to  be  pushed 
through  the  thruster  body.  The  22  pound 
canister  assembly  and  piston  are  then  acceler¬ 
ated  to  a  velocity  of  27  to  34  feet-per- second 
over  a  piston  stroke  of  1.  25  inches. 

The  peak  pressure  attained  during  ejection 
from  the  dispenser  ranges  from  7000  to  8000 
psi.  The  corresponding  peak  ejection  force 
range  is  from  4380  to  5000  pounds.  The  normal 
pressure  pulse  duration  is  from  7  to  8 
milliseconds. 


Once  the  piston  starts  moving  through  the 
thruster  body,  the  upward  reaction  force  on 
the  thrustei  body  causes  it  to  move  rapidly 
upward  for  a  distance  equal  to  the  gap  of  0.  003 
to  0. 021  inch  at  the  snap  ring.  The  resulting 
impact  with  the  bottom  of  the  adapter  beam 
contributes  to  the  high  frequency  energy 
observed  on  adjacent  pressure  cartridge 
responses,  as  described  in  the  following 
sections. 


TEST  PROCEDURE 

A  laboratory  test  was  performed  to  measure 
the  shock  environment  produced  by  cargo 
ejection.  A  full-scale  SUU-38  dispenser  with 
inert  canisters  was  suspended  from  a  MAU-12 
bomb  rack  in  an  Explosives  Test  Laboratory 
(Fig.  6).  The  suspension  arrangement  locally 
simulates  the  store  configuration  when  it  is 
carried  on  the  center-line  station  of  a  jet 
aircraft.  Since  the  primary  purpose  of  this 
test  was  to  measure  the  pressure  cartridge 
shock  environment  generated  by  canister 
ejection,  only  the  pressure  cartridge  headers 
were  instrumented. 


The  suspended  dispenser  was  instrumented 
with  ten  piezoelectric  accelerometers  (see 
Fig.  7).  Piezoelectric  pressure  transducers 
were  used  to  measure  pressure-time  histories 
of  five  of  the  cartridges,  shown  as  PI  through 
P5  in  Fig.  7.  The  accelerometers  were 
attached  using  both  steel  screws  and  dental 
cement.  Transducer  outputs  were  signal 
conditioned  by  charge  amplifiers  and  the  data 
were  recorded  on  magnetic  tape  at  a  speed  of 
120  ips  (Standard  IRIG  Mode,  ±40  percent 
deviation,  0  -  20  kc  frequency  response). 

Along  with  the  ten  data  channels  (the  appropri¬ 
ate  pressure  transducer  output  was  recorded 
only  when  the  monitored  pressure  cartridge 
was  fired),  a  constant  1000  cps  time  base  and 
an  event  pulse  signaling  initiation  of  current 
flow  through  the  cartridge  bri.!gewire  were 
recorded  on  the  1-inch  magnetic  tape. 

The  test  sequence  consisted  of  ejecting 
canisters  in  the  single  step  mode.  Using  this 
procedure,  only  one  of  the  pressure  cartridge 
firing  circuits  was  energized  at  a  time,  and 
the  fire  signal  was  initiated  manually.  After 
each  ejection,  the  firing  line  was  attached  to 
the  next  cartridge  to  be  fired,  and  the 
instrumentation  was  inspected  visually. 
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DATA  ANALYSIS 

Preliminary  review  of  the  tape  recorded 
da*a  was  performed  by  examining  expanded 
oscillograms  of  the  acceleration  and  pressure 
time  histories.  Even  tnough  the  data  acquisi¬ 
tion  and  recording  system  bandwidths  were  on 
the  order  of  20  kc.  all  the  data  were  low  pass 
filtered  at  5  kc  during  playback.  The  low  pass 
cutoff  frequency  corresponds  to  20  percent  of 
the  test  accelerometer's  natural  frequency. 


FIG.  8.  Shock  Response  on  Fired  Cartridge 
(A3,  Run  5) 


Fig.  8  shows  the  shock  time  history  from 
measurement  location  A3  (vertical)  as  the 
pressure  cartridge  to  which  the  measuring 
accelerometer  was  mounted  was  fired.  By 
comparison,  the  response  at  the  adjacent 
cartridge  (measurement  location  A7)  and  in  an 
adjacent  bay  (measurement  location  A9)  are 
shown  in  Fig.  9  and  10.  The  pressure  time 
history  (PI)  for  the  ejection  is  shown  in  Fig.  11. 
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FIG.  9.  Shock  Response  on  Adjacent  Cartridge 
(A7,  Run  5) 


TABLE  1.  Dispenser  Ejection  Sequence 


FIG.  11.  Pressure  Time  History  Measurement 
PI,  Run  5 


It  was  apparent  from  even  a  preliminary 
review  of  the  data  that  significant  shock  levels 
were  being  generated  by  adjacent  pressure 
cartridge  firings;  it  was  possible  for  a  given 
cartridge  to  be  exposed  to  this  operational 
environment  twice  before  it  had  to  function 
successfully.  Fig.  12  shows  this  situation  in 
the  acceleration  time  history  of  measurement 
location  AS  during  aft  canister  function  in  bay 
No.  10,  and  Fig.  13  repeats  it  as  the  center 
canister  was  functioned. 


FIG.  12.  Shock  Response  on  Forward  Cartridge 
When  Aft  Cartridge  is  Fired 
(A7,  Run  4) 


CRITERIA  DEVELOPMENT 

Because  the  measured  levels  exceeded  the 
existing  shock  test  criteria  for  the  vendor 
supplied  pressure  cartridges,  it  was  decided 
to  revise  these  criteria  to  be  more  consistent 
with  Hie  measured  environments.  All  the 
adjacent  cartridge  and  bay  composite  time 
histories  were  reviewed,  and  the  three  most 


FIG.  13.  Shock  Response  on  Forward  Cartridge 
When  Center  Cartridge  is  Fired 
(A7,  Run  5) 


significant  amplitude  responses  were  chosen 
for  further  analysis.  These  time  histories, 

(see  Fig.  14),  were  analyzed  using  the  digital 
shock  spectrum  program,  SFSPEC,  to  produce 
their  respective  undamped  shock  and  Fourier 
magnitude  spectra  (Fig.  15  through  17).  The 
computer  program  solves  the  response  equation 
for  a  single  degree-of-freedom  system  excited 
by  the  shock  time  history.  The  absolute 
maximum  response  at  each  natural  frequency 
incrementally  assigned  to  the  single  degree-of- 
freedom  system  constitutes  the  shock  spectrum. 
Two  types  of  analysis  were  chosen  because 
both  an  impulse  shock  machine  test  criteria 
and  an  electrodynamic  vibration  machine  shock 
synthesis  were  desired. 

The  requirement  for  an  impact  shock  test 
criteria  was  based  on  the  fact  that  the  pressure 
cartridges  are  supplied  by  vendors  who  do  not 
possess  sophisticated  shock  test  equipment 
The  Fourier  magnitud  e  spectra  of  three  classi¬ 
cal  wave  shapes  which  can  be  produced  by  most 
commercial  impact  shock  machines  were 
examined.  Of  the  spectra  examined,  it  was 
found  that  a  half-sine  pulse  spectrum  most 
closely  fit  the  worst-case  Fourier  magnitude 
composite  spectrum  from  the  measured  data. 
The  fit  of  the  spectrum  for  an  800  g  (peak), 

0. 2  msec  duration  half-sine  pulse  is  illustrated 
in  Fig.  18.  While  these  test  criteria  are  an 
overtest  in  the  low  frequency  portion  of  the 
spectrum,  they  are  a  distinct  improvement 
over  the  previous  30  g  (peak),  11  msec  half- 
sine  test  criteria. 
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A6,  Run  7 


FIG.  14.  Three  Most  Significant  Time 
Histories  Chosen  for  Spectral 
Analysis 


A  review  of  the  shock  spectra  of  the  data 
acquired  in  all  three  axes  indicated  that  the 
longitudinal  and  transverse  axis  data  were 
generally  lower  at  all  frequencies  than  the 
vertical  axis  data.  This  same  trend  was 
exhibited  in  the  time  histories  of  these 
measurements. 

An  evaluation  of  the  operational  environment 
of  the  pressure  cartridge  dictated  the  use  of 
two  half- sine  shocks  in  each  of  the  six  princi¬ 
pal  axes  of  the  pressure  cartridge.  The 
improved  shock  test  criteria  are  compatible 
with  the  present  pressure  cartridge  construc¬ 
tion  and  will  provide  the  needed  quality 
assurance  that  future  mechanical  changes  or 
defects  will  be  detected  by  the  shock  test 


5  10  100  MO  1000  5000 


FREQUENCY  KPS) 

FIG.  1?  Shock  and  Fourier  Magnitude  Spectra 
for  Measurement  A3,  Run  1 
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FIG.  16.  Shock  and  Fourier  Magnitude  Spectra 
for  Measurement  A3,  Run  4 


FIG.  17.  Shock  and  Fourier  Magnitude  Spectra 
for  Measurement  A6,  Run  7 


An  equivalent  damage  test  criteria  was 
also  desired  for  use  in  subsequent  product 
improvement.  The  simulation  criterion  can 
be  used  to  reproduce  the  measured  responses 
during  laboratory  tests  on  an  electrodynamic 
vibration  exciter.  The  criterion  was  generated 
by  enveloping  the  undamped  shock  spectra  of 
the  three  previously  selected  time  histories  as 
illustrated  in  Fig.  19. 

COMPARISON  OF  EJECTION  SHOCK  AND 
MIL-STD-810B  SHOCK  TEST 

The  differences  between  the  ejection  shock 
environment  and  the  shock  response  due  to 


application  of  the  MIL-STD-810B  crash  shock 
test  to  the  dispenser  is  exemplified  in  Fig.  20. 
The  crash  shock  spectrum  was  calculated  from 
the  accompanying  time  history  response  which 
was  measured  in  the  end  bay  of  a  full  scale  TFD 
dispenser  that  was  subjected  to  a  30  g  (peak), 

11  msec,  half- sine  shock  applied  through  the 
store/aircraft  interface. 

The  reduced  data  spectrums  point  out  the 
extreme  spectral  differences  in  the  two  environ¬ 
ments.  These  differences  are  significant 
insofar  as  the  pressure  cartridge  is  concerned 
since  its  size  and  rigidity  imply  high  resonant 
frequencies. 
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FIG.  18.  Worst-Case  Composite  Fourier 
Magnitude  Spectrum  ( —  )  vs 
800-g  (peak)  HaL-sine  of  0. 2  msec 
Duration  ( — )  and  0. 5  msec 
Duration  ( - ) 


FIG.  19.  Worst-Case  Composite  Shock 
Spectrum 


POSSIBLE  APPLICABILITY  OF  SUU-38 
EJECTION  SHOCK  DATA  TO  SIMILAR 
SYSTEMS 

Based  on  design  experience  with  a  number 
of  other  aircraft  dispenser  ejection  mechanisms, 
each  ejection  mechanism  Josign  has  certain 
unique  features  which  can  be  expected  to 


generate  a  distinct  ejection  shock  spectrum  on 
adjacent  structure  or  canisters.  For  example, 
it  would  be  of  academic  interest  to  conduct  a 
similar  ejection  response  measurement  and 
analysis  program  on  the  SUU-38  dispenser 
using  a  modified  thruster  body  which  is  rigidly 
attached  to  the  adapter  beams.  The  elimination 
of  the  thruster  body-retention  ring  gap,  shown 


FIG.  20a.  Shock  Response  of  Dispenser 
End  Bay  to  810B  Crash  Shock 


FIG.  20b.  Shock  Spectrum  Comparisons 

Crash  Shock  Response  ( - ) 

and  Composite  Ejection 
Response  ( - ) 


in  Fig.  4,  should  reduce  the  high  frequency 
shock  spectrum  levels.  This  change  is  not 
practical  due  to  other  considerations;  further¬ 
more,  the  existing  SUU-38  retention  ejection 
mechanism  performs  satisfactorily  in  the 
present  environment. 

The  SUU-38  ejection  shock  response  spectra 
should  not  be  indiscriminautly  used  for  other 


dispenser  ejection  mechanisms  because  of  the 
unpredictable  effect  of  seemingly  insignificant 
hardware  differences  between  dispenser  ejec¬ 
tion  mechanisms.  It  is  more  realistic  to 
develop  individual  shock  response  spectra  and 
test  criteria  for  each  dispenser  system  unless 
ejection  shock  spectra  are  available  for  a 
number  of  similar  dispenser  ejection 
mechanisms. 


CONCLUSIONS 

1.  The  self-generated  shock  environment 
produced  by  dispenser  ejection  is  the  dominant 
shock  environment  experienced  by  the  pressure 
cartridge.  By  comparison  crash  shock  test 
levels  (Fig.  20)  contain  relatively  little  energy 
in  the  high  frequencies. 

2.  The  shock  environment  produced  by  canister 
ejection  is  a  highly  localized  phenomenon  and 
only  transmits  significant  energy  to  cartridges 
mounted  on  the  same  adapter  thruster  beam. 
There  is  no  significant  shock  transmission  to 
adjacent  bays  within  a  dispenser.  Similarly, 
the  lack  of  damage  to  the  cargo  in  the  canisters 
remaining  in  the  functioned  adapter  indicates 
that  the  induced  shock  levels  in  the  cargo  are 
attenuated  by  the  canister  assembly. 

3.  The  best  fit  Fourier  magnitude  curve  of 
Fig.  18  suggested  an  optimum  half- sine  pulse 
duration  of  0. 2  msec.  It  was  found,  however, 
that  the  control  limitations  of  commercial  shock 


machines  as  well  as  problems  with  the  test 
fixture's  resonant  frequencies  made  the  use  oi 
a  half- sine  duration  of  0.  5  msec  more  practical. 
While  the  0.  5  msec,  800  g  (peak)  half- sine 
Fourier  magnitude  spectrum  is  not  as  good  a 
fit  as  the  0.  2  msec  spectrum  (also  shown  in 
Fig.  18),  it  is  still  a  considerable  improvement 
over  the  original  30  g  (peak)  11  msec,  half¬ 
sine  criteria. 

4.  The  adjacent  canister  ejection  shock  test 
described  in  this  paper  should  be  considered 
unique  to  the  SUU-38  system.  Individual 
ejection  shock  test  criteria  should  be  developed 
for  other  dispenser  ejection  mechanisms 
because  of  the  influence  of  unique  hardware 
differences  on  the  shock  spectra. 
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DISCISSION 


Mr,  Zell  (Ptcatlnnv  Arsenal)  :■  What  did  the 
time  history  for  the  basic  propulsion  force  of  the 
cartridge  look  like  ?  What  was  its  overall  duration  ? 

Mr.  Denton:-  The  overall  duration  of  the  pres¬ 
sure  level  ? 

Mr.  Zell:  Right.  In  other  words  what  did  the 
force-time  history  look  like  for  the  basic  election 
force  created  bv  the  cartridge  ? 

Mr.  Denton:  The  duration  of  the  half-sine  pulse 
was  approximately  a  half  millisecond  and  the  peak 
pressure  was  about  11,000  psi, 

Mr.  Zell*  At  one  point  we  were  testing  some¬ 
thing  that  mounted  to  the  cannister,  and  at  the  time 
there  was  a  question  whether  the  election  shock  was 
affecting  its  operation.  An  attempt  was  made  to 
simulate  the  pressure-time  history  and,  as  I  recall. 


a  pulse  was  on  the  order  of  20  milliseconds  in  total 
duration  and  it  was  a  skewed  half  sine.  Apparently 
there  is  a  difference  in  the  basic  pulses. 

Mr.  Herring:-  I  have  the  paper  in  mv  hand  so 
maybe  I  can  answer  vour  question  a  little  better. 

We  do  include  the  pressure-tinu  history  for  the 
pressure  cartridge  for  that  measurement.  It  is 
about  0  12  milliseconds  duration,  7"i0‘)  psi  and  it  is 
more  of  a  haversine  shape  with  a  \erv  sharp  leading 
edge.  I  think,  if  you  will  recall  the  time-history  of 
the  acceleration  measurement,  it  had  a  little  glitch 
in  the  time-history  initially,  and  that  died  down. 

Then  there  was  the  larger  part  of  the  time  history 
and  the  little  initial  glitch  correlates  timewise  with 
the  steep  rise  on  the  pressure  cartridge.  We  have 
definitolv  identified  the  characteristic  fiequencies  in 
the  acceleration  shock  spectra  as  being  due  to  local 
structural  response. 
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SHOCK  LOAD  RESPONSE  OF  AN  CLASTIC  ANNULAR  PLATE 


ON  A  DISTRIBUTED  FOUNDATION 
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and 
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Effects  of  system  parameter  variation  on  response  spectra  of  an 
elastic  annular  plate  supported  by  a  distributed  foundation  when 
loaded  by  a  dynamic  pulse  are  presented. 


INTRODUCTION 

This  paper  presents  a  method  of  analysis 
for  the  response  of  an  elastic  annular  plate  on 
a  distributed  foundation  subjected  to  a  trans¬ 
verse  force  pulse  applied  at  the  inner  edge  of 
the  plate.  The  pulse  shape  is  a  sine  function 
of  time  having  one-half  cycle  duration.  The 
plate  and  the  foundation  have  separate  force- 
deformation  characteristics.  Ihc  effects  of 
varying  stiffnesses,  pulse  duration,  and  the 
ratio  of  inner  to  outer  radii  are  presented.  A 
finite  difference  technique  is  used  to  solve  the 
nonlinear  differential  equations. 


TIic  effects  of  parameter  variation  are  pic¬ 
tured  by  use  of  families  of  curves  (response 
spectra),  and  /'•esults  are  shc*\n  in  dimensionless 
form. 


PROBLEM  STATEMENT  AND  ANALYSIS 

/in  elastic  annular  plate  of  uniform  pro¬ 
perties  supported  by  a  Kinkier  [1]  foundation  of 
negligible  mass  is  shosn  in  Fig.  1.  The  sym¬ 
metric  plate  with  inner  radius  b,  outer  radius 
a,  and  uniform  thickness  h  is  loaded  uniformly 
along  the  inner  surface  by  a  sinusoidal  shock 
load  of  amplitude  1Q,  duration  tj,  and  circular 
frequency  ..  See  ligs.  2  and  3. 
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The  mode  shape  associated  with  tne  funda¬ 
mental  frequency  is  the  rigid  body  mode  corres¬ 
ponding  to  the  limiting  infinitely  stiff  plate 
[2].  The  fundamental  period  (T|)  for  the 
elastic  system  can  be  shown  to  be 

Tj  =  2:r.£7q  (1) 


where  E  represents  Young's  Modulus  for  the 
plate,  <r  and  represent  curvatures  in  the 
radial  and  tangential  directions.  The  displace¬ 
ment  reference  quantity  y0  is  the  rigid  body 
displacement  of  the  system  when  loaded  stati¬ 
cally  by  the  force  F0.  Assuming  Poisson's  ratio 
to  be  one-half,  the  governing  differential  equa¬ 
tion  when  cast  into  nondimensional  form  becomes: 


where  u  is  the  mass  per  unit  area  of  the  annular 
plate  and  q  is  the  foundation  modulus  (intensity 
of  reaction  for  a  unit  of  deflection)  (3].  Cir¬ 
cumferential  modes  are  not  excited  because  of 
the  symmetry  of  the  plate  and  its  loading. 

lhe  second  order  nonlinear  partial  differ¬ 
ential  equation  of  motion  fur  the  plate  founda¬ 
tion  system  can  be  written  as, 


32z 

3^ 


where:. 


(  32M  ,  3M 

4n  3(1*Y2}  (T2)  ♦  jyT 

if*  z  \ 

'  T  3T  VTFy7!  j 


(4) 


where  y  and  r  represent  the  displacement  and 
radial  coordinates  respectively,  Mr  and  Hj 
represent  the  radial  and  tangetial  plate  bend¬ 
ing  moments,  and  t  represents  time. 

In  order  to  express  the  problem  and  its 
solution  m  nondimensional  form,  the  following 
dimensionless  variables  are  defined:- 


Radia 1 
Coordinate 

r  =  r/a 

Displacement 

:  -  >’/>■„ 

1  ime 

:  -  t/tj 

Radial  Moment 

M  =  M  /I 
r  r  ( 

F 

hhere  >0  q-(a‘-  b-) 


langcntial 

Moment 

Radial 

Curvature 


M.  =  M./i 
.  :  o 


(3) 


wh  e  re 


Tangential  *,  ’ 

Curvature 


\  -  *  **) 

(4a) 

*•  “  l(‘r  *  2'*) 

(4b) 

-  /  S  \  32z 

Kr  3F 

(4c) 

t  /  S  \  1  3: 

Ki  =  ^2~1/  T  ">T 

(4d) 

and  s,  y,  t  are  nondimensional  system  para¬ 
meters  defined  in  Table  1. 


TABLE  1 


Definition 

of  System  Parameters 

Ratio 

Symbol 

Terminology 

*1 

T1 

T 

Pulse  Duration  Ratio 

Lh  ‘/Id 

S 

Component  Stiffness  Ratio 

qj-a- 

b 

_ 3 - 

\ 

Radii  Ratio 
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The  obvious  boundary  conditions  consist  of 
zero  values  for  shear  and  moment  at  the  outer 
boundary  and  zero  moment  at  the  inner  face.  The 
forcing  function  is  used  to  determine  the  shear 
at  the  inner  face  boundary. 

The  governing  equation  was  expressed  with 
the  moment  terns  clearly  isolated  so  that  the 
case  of  the  ii.elastic  plate  could  he  easily 
studied  by  replacing  the  elastic  moment- 
curvature  functions  (4a)  and  (4b)  by  a  defini¬ 
tion  of  the  moment-curvature  relations  for  a 
particular  yield  theory. 


NUMERICAL  PROCEDURE 

In  order  to  solve  the  partial  differential 
equation  of  motion,  the  plate  is  divided  into  N 
annular  elements  each  with  equal  radial  di¬ 
mensions.  If  the  displacement  z  at  each  point 
were  known  at  a  given  time  t,  then  a  finite- 
difference  formulation  of  equations  (4)  and  con¬ 
sideration  of  the  boundary  conditions  provide 
values  for  the  acceleration  'erm,  J2z/3t2,  at 
each  element.  These  in  turn  are  integrated  over 
a  small  step  in  time,  At,  to  obtain  new  values 
for  displacements.  The  entire  process  is  re¬ 
peated  continually  until  solutions  of  z,  Mr,and 
versus  r  are  obtained  for  particular  values 
of  the  system  parameters  y,  T,  and  S. 

A  Fortran  IV  program  was  run  on  the  Control 
Data  Corporation  6400  computer  system  at  the 
Graduate  School  Confuting  Center  of  the  Uni¬ 
versity  of  Colorado.  Thi£  program  sought  maxi¬ 
mum  values  of  z,  Mr,  and  M4  (zmax,  Jlax,  and 
max)  within  a  time  period  from  initiation  of 
the  pulse  to  one  fundamental  period  beyond  pulse 
to  one  fundamental  period  beyond  pulse  termi¬ 
nation  (0  <_  t  <_  tj  +  Tj)  and  along  a  radius  (b 
£  r  ^  a).  Therefore,  maxima  discussed  in  this 


paper  refer  to  the  maxima  oecuiring  at  any  point 
within  the  plate  during  tins  period  of  time. 

The  accuracy  of  the  numerical  solution  for 
a  given  set  of  system  parameters  depend  upon 
values  of  N  and  At.  It  was  found  that  the  se¬ 
lection  of  the  time  step  for  the  integration 
procedure  was  critical;  so  that,  once  a  time 
step  was  found  to  cause  the  procedure  to  con¬ 
verge,  any  smaller  steps  did  not  appreciably 
change  the  results.  Such  a  fortunate  conclusion 
could  not,  however,  be  reached  m  the  case  of 
varying  the  number  of  divisions.  Figs.  4,  5, 
and  b  demonstrate  the  effect  of  N  on  convergence 
of  z,  Mr,  and  M;  for  particular  values  of  T,  y, 
and  S.  Because  the  convergence  was  slow  with  N 
and  because  the  computing  expense  increases 
rapidly  with  increasing  N,a  method  of  projecting 
the  convergence  was  determined.  In  general,  the 
fini te- difference  expressions  used  in  the  nu¬ 
merical  procedures  were  three-point,  central 
differences  whose  error  term  is  inversely  pro¬ 
portional  to  the  square  of  X.  Therefore,  given 
data  for  two  values  of  X,  the  value  at  X  “ 
could  be  calculated  with  confidence.  The  ac¬ 
curacy  versus  savings  in  co nputational  effort  of 
tit  is  extrapolation  can  be  ,emonstrated  by  con¬ 
sideration  of  the  data  available  from  Figs.  4, 

5,  and  6.  TVo  asymptotes  corresponding  to 
values  projected  from  data  at  X's  of  18  5  24  and 
30  5  40  are  shown  in  each  of  the  three  figures. 
The  cost  of  obtaining  the  30  &  40  projection  is 
five  times  that  for  the  18  5  24  projection  while 
their  values  differ  by  1"&,  2°«,  r.nd  2.5°  respec¬ 
tively  for  zmax,  \  max,  and  51}  max. 

VERIFICATION 

Checks  on  the  analysis  are  provided  by 
consideration  of  limiting  values  of  the  system 
parameters  y,  S,  and  T.  As  the  ratio  of  inner 
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Fig.  5  -  Convergence  of  Solution  (Mp  with  N 
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Fig.  6  -  Convergence  of  Solution  fM^)  with  N 


ad, us  to  outer  radius  (\)  approaches  unity,  the 
r-stetn  degenerates  into  the  less  complicated 
a>e  of  a  ring  on  a  foundation.  This  single 
sgree-of- freedom  problem  is  easily  analyzed  for 
aximum  moments  and  deflections.  If  S  is  as- 
lgned  i  value  of  0.001,  T  a  value  of  0.5,  and 
a  value  of  a^pioachmg  units,  can  be  sljown 
1  Mr  max  M$  max  •*  . 


:hat  z 
:igure 


•max  7  1  2-  ''r  max  ’  u>  ‘u,u  "f  max  "  4V 
•  7  clearly  indicates  the  convergence  of 


*max>  Mr  mid.  and  Mj  max  to  limiting  values  as 
rpp roaches  unity. 


As  t .e  Component  Stiffness  Ratio  (S)  in¬ 
creases  without  limit,  the  system  approaches 
the  single  degree- of- freedom  case  of  a  rigid 


plate  on  an  elastic  foundation.  Again,  the 
maximum  deflection  is  easily  obtainable.  Figure 
8  is  a  semi- log  plot  of  maximum  deflection 
versus  Component  Stiffness  Ratio  for  T  =  0.S 
-nd  y  =  0.25.  The  convergence  to  s/2  as  S  in¬ 
creases  is  well  defined. 

Finally ,  as  the  Pulse  Duration  Ratio  (T) 
increases  without  limit  the  dyr  amic  case  degener¬ 
ates  to  a  static  loaded  annular  plate  on  an 
elastic  fouT’dadon.  The  conventional  use  of  the 
finite-difference  technique  was_used  to  obtain 
these  limiting  values  of  z^*,  Mr  max,  and  M$nax 
these  values  are  plotted  as  asymptotes  on  the 
response  spectra. 
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Fig.  7  -  Convergence  of  Variables  to  Limits  (y  •»  1) 


Fig.  8  -  Coni'  ,ence  of  Solution  uitb  S 
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[lie  result->  of  tins  investigation  are  per¬ 
haps  most  usefullv  presented  in  the  form  of 
response  spectra,  i.e.,  versus  f,  Mr  max 

versus  1,  and  M.  max  versus  T.  Response  spectra 
provide  the  designer  with  the  necessary  informa¬ 
tion  to  predict  maximum  deflection,  maximum 
radial  moment,  and  maximum  tangential  moment  for 
a  given  half  wave  sinusoidal  pulse. 

In  order  to  depict  the  effect  of  the  re¬ 
maining  two  svstern  parameters,  >  and  S,  two  sets 
of  response  spectra  are  drawn:-  one  set  holding 
>  constant  and  varying  S  as  a  family  parameter 
f  1 1 gs  9,  11,  and  13);  the  other  set  holding  S 
constant  and  varying  y  as  „  family  parameter 
(Figs.  10,  12,  and  14).  Hie  constant  values  of 
l  =0.25  and  S  -  0.001  were  chosen  from  typical 
values  of  a,  h,  1.,  h,  and  q.  Values  used  to 
plot  the  response  spectra  were  projected  using 
various  values  of  N  so  that  a  consistent  level 
of  convergence  was  maintained. 


CONCLUSIONS 

Ihe  response  spectra  for  deflection,  radial 
moment, and  tangential  moment  indicate  consistent 
variation  as  the  parameters  are  altered.  A  de¬ 
crease  in  S  results  in  a  more  flexible  plate. 


T..is  "softer"  system  results  in  larger  de¬ 
flections,  smaller  tangential  moments,  and  some¬ 
what  less  effect  on  radial  moment.  An  increase 
in  y  produces  a  plate  of  smaller  dimension  re¬ 
sulting  in  decreased  curvature,  therefore  small¬ 
er  deflections  and  smaller  bending  moments. 

Hie  maximax  response,  the  maximum  of  the 
maxima  for  a  given  response  quantity,  for  de¬ 
flection  of  a  single  degree- of- freedom  subjected 
to  a  one-half  cycle  sinusoidal  pulse  is  known  to 
be  approximately  1.8  times  the  static  deflec¬ 
tion.  Hie  results  of  this  paper  indicate  that 
similar  maximax  response  for  this  multiple 
degree-of- freedom  plate- foundation  system  may 
be  many  times  that  for  the  single  degree-of- 
freedom  system. 

This  study  is  part  of  a  series  of  related 
studies  of  the  response  of  nonlinear  structural 
components  to  transient  loadings  [4,  5,  6,  7,  8, 
9].  Hie  results  may  be  used  in  some  specific 
cases  of  design  or  for  a  general  understanding 
of  plate- foundation  response  problems. 
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Fig.  9  -  Response  Spectra  -  Constant  >,  Variable  S 
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Fig.  10  -  Response  ..^ectra  —  Constant  S,  Variable  y 


Fig.  11  -  Response  Spectra  —  Constant  y,  Variable  S 
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Fig.  14  -  Response  Spectra  -  Constant  S,  Variable  y 
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Modern  technology  has  broadened  the  meaning  of  the  term  fragility.  Today  it  per¬ 
tains  to  operational  and  functional  aspects  as  well  as  to  structural  or  packaging 
considerations.  System  and  component  hardness  relative  to  dynamic  environment  is 
a  concern  to  systems  engineers  and  managers  as  well  as  to  packagers  and  testers. 
Sophistication  of  modern  and  future  systems  and  components  has  expanded  the  eval¬ 
uation  methods  without  maintaining  any  commonality  between  methods.  A  need  for 
standardizing  fragility  methodology  is  shown  to  exist  by  means  of  examples  from 
prior  test  and  analytical  endeavors.  These  samples  point  out  that  much  analytical 
and  experimental  work  is  needed  to  relate  fragility  to  parameters  of  wave  shape 
and  frequency  content.  This  will  permit  fragility  qualities  to  be  abstracted  to  a 
wide  range  of  dynamic  environments.  The  examples  further  serve  to  emphasize  a 
strong  influence  of  environment  on  fragility  and  a  need  for  fully  understanding 
dynamic  behavior  of  the  system  or  component  (subtle  coupling  between  operational 
and  structural  modes  may  exist  and  models  of  this  phenomena  can  c«s  developed).  A 
general  philosophy  of  fragility  methods  is  presented.  The  ictnodology  is  based  on 
a  knowledge  of  environment  at  free  field,  system,  or  component  level;  various  inter¬ 
pretations  of  system  or  component  Interactions  can  be  made.  Standards  tests  are  pre¬ 
sented  for  shock,  transient  or  vibration  testing.  Such  tests  will  help  accumulate 
data,  provide  statistical  samples  and  indicate  methods  of  upgrading.  Techniques  for 
enhancing  decision  processes  for  selecting  off-the-shelf  products  are  discussed. 

These  include  allocation  of  fragilicy  budgets  for  components  comprising  a  system  and 
establishment  of  a  controlled  index  of  product/environment  capability. 


INTRODUCTION 

Methods  anu  standards  are  necessary  for 
quantitatively  measuring  the  ability  of  systems 
and  system  components  to  withstand  dynamic 
environments.  Systems  and  components  herein 
refer  in  the  broad  sense  to  various  equipments, 
process  controls,  humans,  facilities,  assemblies 
and  parts.  Dynamic  environments  considered  for 
this  paper  involve  mechanical  shocks,  tran¬ 
sients,  and  vibrations.  However,  environments 
such  as  temperature,  radiation  end  electromag¬ 
netic  interference  may  be  similarly  treated  in 
the  total  system  picture  either  separately  or  as 
combined  environments.  The  performance  param¬ 
eter  selected  to  provide  the  quantitative 
measurement  is  termed  fragility.  Fragility  is 
the  threshold  value  of  the  dynamic  environment 
at  which  the  system/component  exhibits  opera¬ 
tional  failure,  damage  or  malfunction(  W. 


Environmental  effects  on  systems/compon¬ 
ents  have  consistently  perplexed  engineering 
designers.  Means  of  evaluating  these  effects 
have  covered  a  wide  technological  gamut(2). 
Originally,  a  prime  design  consideration  was 
the  selection  of  materials  to  withstand  various 
simple  environments  (e.g.,  static  leads  and 
impact).  The  advent  of  the  missile/space  age 
brought  additional  emphasis  on  determining  the 
degradation  of  operational  equipment  perform¬ 
ance  when  subjected  to  in-flight  or  ground 
environments (3,4,5).  The  methods  of  evalua¬ 
tion  therefore  widened  further. 

Many  of  the  systems  requiring  evaluation 
today  include  closed  loop  operations  such  as 
guidance  equipment  or  process  controllers. 
Furthermore,  current  ystem  designs  are  incor¬ 
porating  failure  detection  computer  software  to 
enhance  the  system  capability(o).  Evaluation 
methods  involving  test  verifications  of  system 
performance  are  including  on-linp  computing 
facilities(7,8).  These  recent  advances  add  mors 
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dimensions  to  me  eval  ation  picture.  A  need 
for  standardizing  fragility  methodology  clearly 
exists. 

Knowledge  of  fragility  or  hardness  levels 
permits  an  assessment  to  be  made  of  an  elemen¬ 
tary  component  or  complete  system's  probability 
of  survival  or  vulnerability.  Such  assessments 
are  made  with  respect  to  the  expected  dynamic 
environment.  Fragility  determinations  also  pro¬ 
vide  the  following: 

«  Confirmation  of  system/'ccmponent 

"weak  links"  early  in  the  design  cycle. 

•  identification  of  unanticipated  "weak 
links." 

•  Formal  identification  of  the  most 
critical  fragile  item  in  a  system. 

This  will  provide  an  index  of  the  sys¬ 
tem  suitability  for  new  applications 
or  changed  environments. 

•  Guidelines  for  upgrading  fragility 
level . 

•  Minimization  of  needs  for  redesign, 
replacement  and  repair  late  in  develop¬ 
ment  cycles  or  even  later  in  field 
usage. 

•  Datum  basis  for  forensic  applications, 
e.g.,  involving  manufacturer/shipper/ 
customer  negotiations. 

Standards  for  fragility  determination  are 
not  without  precedent.  A  beginning  in  formal¬ 
izing  fragility  methods  occurred  with  the 
publication  of  the  Design  of  Vibration  Isolation 
Systems(9,10)  by  the  Society  of  Automotive 
Engineers  in  1962.  Since  that  time  a  committee 
was  formed  by  the  American  National  Standards 
Institute  to  develop  a  national  fragility 
standard.  That  endeavor  is  still  in  progress*. 
Various  individual  attempts  have  been  made  to 
establish  certain  forms  of  fragility  standards. 
For  example,  noise  analysis  and  vibration  were 
prescribed  as  indicators  for  preventive  main¬ 
tenance  and  for  the  acceptance  of  new  equip¬ 
ment!'  Other  attempts  are  being  made  by 

special  interest  groups  such  as  the  fragility 
standardization  activities  of  the  ASTM  for 
packaging  purposes03,14,15) ,  Current  trends 
include  legislative  action  to  protect  personnel 
from  excessive  noise  exposure! 16). 

This  paper  summarizes  some  of  the  problems 
and  objectives  concerned  with  fragility  stan¬ 
dardization.  Definitions  are  made  regarding 
fragility/onvironment  parameters  and  criteria. 


Membership  on  the  Fragility  Standard  Committee 
is  open  to  those  who  have  the  interest  and  back¬ 
ground  to  contribute. 


Specific  examples  indicating  needs  for  differ¬ 
ent  parameters  and  criteria  are  presented. 

The  examples  demonstrate  the  pitfalls  of  not 
recognizing  the  benefits  or  shortcomings  of 
various  simulation  techniques.  An  initial 
approach  to  standardizing  fragility  Is  presented. 
Environmental  simulation  methods  necessary  to 
conduct  this  approach  are  outlined.  These  are 
based  on  previously  and  currently  employed 
techniques.  General  comments  are  made  regarding 
advantages  of  the  methodology  and  the  relation¬ 
ships  between  specific  and  general  cases. 

FRAGILITY  DEFINITIONS 

Fragility  of  systems/components  is  cate¬ 
gorized  in  terms  of  failure,  malfunction  and 
damage.  These  terms  demonstrate  that  fragility 
is  more  comprehensive  than  expected  after  a 
cursory  thought:  its  operational  connotation 
extends  the  meaning  well  beyond  structural 
breakage.  However,  even  the  fragility  cate¬ 
gories  are  subject  to  different  interpretation 
in  the  range  of  technical  fields  involved. 
Therefore,  the  categories  are  defined  as 
follows: 

•  Failure  is  defined  as  an  irreversible 
environment-induced  inoperative  condi¬ 
tion  or  operation  outside  of  tolerances. 
Irreversible  refers  to  the  system/ 
component  remaining  inoperative  or  out 
of  tolerance  after  the  environment  is 
removed. 

•  Malfunction  also  represents  an  environ¬ 
ment-induced  inoperative  condition  or 
out-of-tolerance  operation.  However, 
the  process  is  reversible,  i.e.,  the 
system/component  returns  to  satisfactory 
operation  upon  removal  of  the 
environment. 

•  Damage  has  multiple  meanings.  It  may  be 
considered  as  a  mild  form  of  failure 
(i.e.,  irreversible  but  borderline 
operation).  It  also  represents  perman¬ 
ent  degradation  in  performance, 
reduction  in  hardness  or  survivability 
limitation.  Damage  also  applies  to 
system/component  attributes  that  are 
unrelated  to  performance  (e.g.,  damaged 
missile  support  resulting  in  tilted  but 
unimpaired  launch). 

At  least  three  versions  of  fragility  arise 
in  practice.  Which  of  these  is  pertinent 
depends  on  the  stage  of  the  design  cycle  that 
exists  or  the  state  of  knowledge  of  the  system/ 
component  dynamic  behavior.  The  fragility 
versions  are  discussed  next. 

Actual  Fragility.  Actual  fragility!')  is 
defined  as  the  dynamic  environment  magnitude 
and  its  variation  with  frequency  and  time  which 
is  just  sufficient  to  cause  failure,  malfunction 
or  damage.  Below  this  limit  is  the  hardness 
region,  where  systems/components  are  hard  to  the 
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environment.  Figure  1  represents  this  concept 
in  the  form  of  a  typical  three-dimensional  sur¬ 
face  with  uncertainty  bands.  The  reduction  in 
hardness  along  the  time  axis  of  Figure  1  is 
characteristic  of  fatigue.  Such  a  fragility 
usually  falls  in  the  failure  or  damage  category. 
Malfunctions  are  normally  not  long  term  dura¬ 
tion  dependent..  They  are  sensitive  to  short 
term  pulse  rise  time  and  system/component 
critical  period  relationships.  When  fragility 
is  independent  of  time  a  two-dimensional  plot 
of  magnitude  and  frequency  is  appropriate. 

Acceptable  Fragility.  If  a  specification 
states  that  a  system/ component  must  pass  a  given 
test  to  be  qualified,  the  conditions  of  this 
test  define  the  acceptable  fragility  surface. 
Parameters  to  designate  acceptable  fraqility 
surfaces  vary.  One  abscissa  of  the  magnitude- 
frequency-time  surface  is  o*ten  left  to  inter¬ 
pretation  by  prescribing  a  magnitude-time 
history.  Alternately  shock  spectra  together 
with  a  required  number  of  repetitions  are  often 
specified”'.  It  is  pertinent  that  the 
ordinates  of  the  acceptable  fragility  surface 
can  at  best  be  equal  to  or  less  than  the 
ordinates  of  the  actual  fragility  surface.  This 
relationship  is  shown  in  Figure  2.  However, 
unless  the  actual  fragility  is  determined,  it  is 
impossible  to  determine  if  the  difference 
between  the  two  surfaces  is  large  or  small. 

Thus,  the  acceptable  fragility  surface  estab¬ 
lishes  an  arbitrary  minimum  and  nothing  more 
(unless  a  large  number  of  test  samples  is 
involved).  Use  of  probabilistic  shock  spectra 
would  enhance  this  version(18,19). 

Modeled  Fragility.  Early  in  the  design 
cycle  the  system  operations  analyst  usually 
attempts  to  make  a  best  estimate  of  the  system/ 
component  vulnerability  or  ability  to  survive  a 
dynamic  environment.  Tradeoffs  are  required 
between  using  new  system/components,  upgrading 
off-the-shelf  versions  or  protecting  off-the- 
shel.  versions  to  a  higher  degree.  At  this 
stage  of  the  design.cycle  prototypes  aren't 
available  so  he  musl  rely  on  mathematical  or 
empirically  derived  models.  Some  work  has  been 
done  related  to  this  line  and  it  is  reported  in 
the  References w, 20, 21  ,22) .  The  three- 
dimensional  fragility  surface  has  been  generated 
by  statistical  methods  in  some  instances, with 
variations  in  both  environment  and  operational 
behavior  treated.  The  fragility  surface  in  this 
case  should  be  a  best  estimate, with  conservatism 
removed  to  the  greatest  extent  possible.  The 
modeled  fragility  surface  should  be  upgraaed  as 
better  modeling  or  later  empirical  data  tocome 
available.  In  any  event,  a  model  of  the 
fragility  mechanism  provides  a  sound  engineering 
basis  for  understanding  the  behavior  of  the 
system/ component.  It  should  supplement  any 
fragility  evaluation. 

FRAGILITY  PARAMETER  SENSITIVITIES 

Criteria  that  constitute  failure,  malfunc¬ 
tion  or  damage  are  determined  from  the  operating 
functions  of  the  system/component  under 


evaluation.  Nevertheless,  it  must  be  recog¬ 
nized  that,  in  general,  fragility  is  a  function 
of  the  dynamic  character  of  the  environment. 
Obviously,  a  constant  1  g  application  will  have 
a  different  effect  from  1  g  for  1  millisecond 
or  1  g  applied  at  a  set  frequency.  Directional 
sensitivity  is  another  variable  to  be  strongly 
considered.  Fragility  evaluation  requires  a 
knowledge  of  various  parameters.  Examples 
that  follow  demonstrate  this  need. 

Figures  1  and  2,  while  conceptually 
intended,  were  developed  from  sinusoidal  fre¬ 
quency  tests  on  components^).  Figure  3  shows 
the  actual  fragility  curves  for  each  orthogonal 
axis  of  a  motor-driven  resolver  subjected  to 
sine  wave  excitation.  The  resolver  function 
was  coordinate  transformation  for  rotations 
about  an  inertial  guidance  system  gimbal 
axis!23).  Note  that  except  for  the  regions 
17-60  cps  and  above  1100  cps  the  vertical  axis 
has  the  lowest,  and  therefore  controlling, 
fragility  level. 

Figure  4  presents  fragility  curves  for  the 
same  resolver  but  based  on  white  noise  random 
excitation.  Note  in  this  case  that  the  lower 
and  controlling  level  is  that  for  the  lateral 
axis,  not  the  vertical  axis..  Notching  the 
random  at  sensitive  sine  wave  frequencies  did 
not  provide  further  insight.  In  both  cases 
then,  the  resolver  was  not  generally  frequency 
sensitive.  Performance  of  the  resolver  was 
dependent  on  the  following: 

•  Geometrical  location  relative  to  the 
vehicle  engine 

•  Nature  of  the  engine  power  (i.e., 
rotary,  jet,  or  thrust) 

•  Orientation  of  the  resolver  relative 
to  the  engine 

A  further  conclusion^)  0f  this  test 

series  was  that  each  wave  shape  provided  useful 
design  information  even  though  different  results 
were  obtained  for  each.  Also,  it  was  recom¬ 
mended  that  components  be  excited  with  vibra¬ 
tion  shapes  which  simulate  the  environment  at 
the  attachment  mounting. 

Another  case,  this  one  demonstrating  the 
performance  of  a  highly  frequency-sensitive 
device,  is  illustrated  in  Figures  4,  5,  and  6. 
The  device  is  an  inertial  quality  pendulous 
accelerometer  described  as  digital  magnetic 
force  rebalanced!^) ,  The  intended  closed 
loop  operation  of  the  accelerometer  induced  a 
high  frequency  limit  cycle  which  "dithered" 
the  pendulum  to  overcome  friction  and  maintain 
constant  temperature.  Its  expected  accelera¬ 
tion  range  was  10  g's.  However,  specially 
designed  sinusoidal  vibration  tests  revealed  a 
1  g  fragility  level  in  the  dither  frequency 
region  of  700  tc  900  cps.  One  g  applied  in 
that  region  "quenched"  the  dither.  This 
phenomenon  is  shown  in  Figure  5  for  a  2  g 
case. 
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Similar  phenomena  resulted  for  random  vibra¬ 
tion  excitation.  Figure  6  shows  the  disturb¬ 
ance  which  is  attenuated  above  500  cps.  The 
closed  loop  pendulum  response  to  this  excita¬ 
tion  is  shown  in  Figure  7.  Note  that  an 
unquenched  dither  peak  exists  in  the  700  cps 
region.  The  conclusion  here  was  that  a  subtle 
but  severely  adverse  operation  results  when  the 
dynamic  environment  has  frequency  content  In 
the  critical  dither  region.  Otherwise,  the 
accelerometer  performed  in  its  intended  manner. 

Fragility  ..arameter  discussions  involving 
random  vibration  are  always  subject  to  compari¬ 
sons  between  broadband  and  narrowband  results. 
Such  comparisons  are  made  in  Figures  8  and  9. 
These  figures  were  selected  from  fragility  tests 
of  36  components  for  a  Titan  niissile!2^).  Tests 
were  performed  using  both  shaped  broadband  and 
narrowband  (100  cps)  random  vibration.  System/ 
components  tested  were  classified  as  launch 
essential.  They  included  a  3  axis  inertial 
reference  system,  autopilot  and  rate  gyros, 
hydraulic  actuators,  command  and  control 
receivers,  umbilicals,  valves,  and  various 
electronics  (e.g.,  relays  and  switches). 

Figure  3  shows  results  for  equipment 
mounted  in  the  Stage  !  engine  compartment. 
Broadband  fragility  is  clearly  well  below  that 
of  the  narrowband  levels.  Therefore,  little 
correlation  exists  between  them.  This  is  some¬ 
what  contrasted  in  Figure  9,  which  shows 
results  for  the  Stage  I  transition  compartment 
containing  the  rate  gyro  system.  Reasonable 
correlation  occurred  between  shaped  broadband 
and  narrowband  random  vibration  for  this  case. 
This  was  attributed  to  the  fact  that  rate  gyro 
drift  modes  were  few  in  number. 

Many  operational  types  of  modern  system/ 
components  are  often  hybrid  (i.e.,  analog  and 
digital)  in  nature(26).  This  class  is  promi¬ 
nent  in  the  aerospace  fields  related  to 
sophisticated  guidance  and  control  systems. 
Unusual  failure  phenomena  were  reported  to 
result  from  dynamic  environments.  One  such 
case!27'  involved  an  astroinertial  guidance 
system  employing  a  sampled  data  loop  for  con¬ 
trolling  a  star  tracking  telescope.  An  exces¬ 
sive  error  was  shown  to  propagate  through  the 
tracker  loop  at  the  beat  frequencies  between 
the  tracker  sampling  rate  and  the  tracker 
structural  resonant  frequency;  see  Figure  10. 
Furthermore,  this  effect  was  reportedly 
environment  direction  dependent.  The  con¬ 
clusions  were  that  electromechanical  systems 
in  general  were  subject  to  similar  coupling 
problems.  Use  of  actual  environments  was 
strongly  recommended. 

Guidance  problems,  such  as  that  discussed 
above,  became  commonplace  in  the  mid  1960's 
with  the  advent  of  strapdown  guidance  systems. 

In  these  systems,  no  shock  or  vibration  isola¬ 
tion  of  the  critical  inertial  sensors  was 
permitted.  The  sensors  were  strapped  directly 
to  the  vehicle  and  therefore  subjected  directly 


to  translational  and  rotational  environments. 
Considerable  research  was  done  to  mathemati¬ 
cally  predict  system  malfunctions  or  failures 
when  subjected  to  sinusoidal  and  random  environ¬ 
ments^, 2!).  in  many  cases  these  predictions 
were  verified  by  test.  The  successful  Apollo  11 
moor,  landing  provided  a  major  source  of  confir¬ 
mation.  A  primary  conclusion  to  date  is  that 
in  order  to  accurately  evaluate  those  effects, 
general  vibratory  levels  are  not  enough.  It 
was  felt  necessary  that  power  spectral  densi¬ 
ties,  crcss-spectral  densities  and  magnitude 
distribution  data  of  the  environment  be  made 
available.  A  second  conclusion  to  be  drawn 
is  that  accurate  analytic  and  experimental 
models  of  fragility  are  feasible.  These  models 
depend  upon  good  quality  control  to  keep 
out-of -tolerance  casing  separations,  mis¬ 
alignments  or  even  loose  screws  or  connec¬ 
tions  from  being  the  "weak  link." 

In  the  mid  and  latter  1960's  considerable 
aerospace  emphasis  was  placed  on  shock  pulse 
criteria(28).  The  IOfieptive  for  this  was 
essentially  twofold!29,20) :  a)  protection  of 
missile  silo  equipment  or  personnel  from 
nuclear  blast;  b)  protection  of  missile-mounted 
equipment  from  pyrotechnic  shock  Induced  by 
staging.  Results  of  tests  that  were  transient 
in  nature  indicated  that  operational  equipment 
was  frequency  sensitive  as  well  as  wave  shape 
sensitive.  Similar  results  were  found  for 
tests  involving  human  operators!2! »22) . 

The  results  and  conclusions  drawn  from  the 
above  cases  are  summarized  as  follows: 

•  The  shape  of  a  fragility  surface  is 
dominated  by  the  unique  parameters  of 
the  particular  dynamic  environment 
simulated  during  the  evaluation. 

•  Frequency  content  (broad  or  narrowband), 
axis  selectivity  and  input  wave  shape 
can  alter  fragility  results  drastically. 

•  Unusual  dynamic  coupling  can  occur 
between  system/component  operational 
behavior  and  structural  or  packaged 
support  response. 

•  Understanding  of  actual  fragility  is 
enhanced  if  modeled  fragility  Is 
established  and  maintained  by  upgrading. 

•  Analytical  and  experimental  work  is 
needed  to  relate  fragility  to  parameters 
of  wave  shape  and  frequency  content. 

This  will  permit  fragility  qualities  to 
be  abstracted  to  a  wide  range  of 
environments. 

ENVIRONMENTAL  REALISM 

Since  actual  fragility  is  dependent  on 
dynamic  environment,  the  exact  environment  per¬ 
taining  to  system/component  application  should 
be  used.  Obviously  this  requirement  is 
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Figure  7-  Experimental  Voltage  Spectral  Density  of  Accelerometer  Figure  8.  Compartment  V  (Stage  I  Engine)  Vibration  Te?’  Spectrum 
Pendulum  Analog  Excursions  -  Unfiltered  Structure-Mounted  Equipment,  Engine  Control  and 

Programmer  Relay  Panel,  Y  Axis 


impractical.  Either  the  exact  environment  <s 
unknown  or  It  can't  be  accurately  simulated  In 
th?  fragility  evaluation,  or  both.  Furthermore, 
'exact'  Is  a  misnomer  since  the  Intended  appli¬ 
cation  is  generally  in  a  statistically 
described  environment.  Impact  conditions  or 
mounting  to  rotary  equipment  are  more  defini¬ 
tive  applications. 

The  issue  of  environmental  simulation 
method  revolves  around  such  concepts  as  conser¬ 
vatism,  simplicity  or  rea!ism(15).  Conser¬ 
vatism,  for  example,  holds  a  popular  position 
in  the  packaging  and  structural  design  fields. 
Likewise,  simplicity  Is  essential  to  the 
testing  field,  especially  when  predominat¬ 
ed  by  small  business  firms.  Realism  is  gener¬ 
ally  supported  by  design/development  proponents 
and  system  analysts.  Their  thinking  is  often 
prompted  by  technology  needs  for  long  term  goals 
of  business.  This  is  a  factor  often  overlooked. 
Testing  or  evaluation  of  a  system/component  for 
a  given  program  or  contract  can  often  be  effi¬ 
ciently  designed  to  provide  useful  data  *or 
supporting  analysis  or  future  applications. 

Immediate  needs  for  exactness  of  dynamic 
environment  where  sensitive  components  are  in¬ 
volved  are  mitigated  to  some  extend  by  general 
representations  and  categorization  of  environ¬ 
ments.  Such  a  categorization  of  dynamic  environ¬ 
ments  is  shock,  transients  and  vibrations. 

These  certainly  recognize  the  effect  of  various 
loadings  on  system/comnonents .  The  need  is  also 
lessened  by  existing  standardized  test  specifi¬ 
cations.  Experience  and  engineering  judgement 
have  often  been  used  to  fill  in  the  uncertain¬ 
ties  between  simulated  and  realistic 
environments. 

Special  tests  (Intended  to  be  somewhat  more 
representative  of  service  conditions)  have  also 
been  developed.  These  include  the  Navy  shock 
machines,  shock  barges,  drop  tests,  hi qh  exolo- 
sive  simulation  and  road  tests.  However,  much 
of  this  testing  has  been  questioned  for  applica¬ 
tion,  true  representativeness,  excessive  levels 
and  duration  times.  As  answers  to  these  ques¬ 
tion:  become  available  imorovements  will  come. 
Such  was  the  case  for  random  vibration (33)  arKj 
transient  testing. (35, 37) 

FRAG  TY  DETERMINATION  PHILOSOPHY 

standards,  of  necessity,  lag  technology. 

In  the  case  of  fragility,  it  is  proposed  to 
follow  the  well  established  categories  of 
shock,  transient  and  vibration.  The  depend¬ 
ent  variable  will  be  excitation  magnitude  as 
a  function  of  failure,  malfunction  or 
damage.  However,  the  means  of  establishing 
if  any  of  these  three  occur  are  becoming 
more  sophisticated  as  the  technology 
rapidly  advances.  Therefore,  in  many 
instances  monitorinq  methods  are  beyond  those 
used  in  the  past  for  shock,  transient  and 
vibration  fraqilitv  tests!’).  ir>  addition, 
a  methodology  Is  desired  that  will  lead  to  a 
fragility  index.  Such  an  index  would  serve  to 
indicate  whether  or  not  an  existing  and  proven 


system/component  is  satisfactory  for  alternate 
application  environments.  Most  missile/space 
contracts  in  recent  years  have  emphasized  "aff- 
tne-shelf"  hardware.  An  analogy  in  the  commer¬ 
cial  field  might  be  converting  bus  or  train 
parts  to  use  in  a  government  funded  rapid  tran¬ 
sit  vehicle. 

A  generalization  of  a  fragility  methodology  is 
illustrated  in  Figure  11.  Ideally,  any  fra¬ 
gility  evaluation  is  based  on  first  establishing 
a  free  field  environment  for  the  system/compo¬ 
nent  in  question.  Since  this  environment 
exists  in  the  absence  of  the  system/component, 
it  must  therefore  be  modified  to  account  for 
insertion  of  the  system/component.  Impedance 
relationships  are  significant  in  this  instance. 
The  system  is  subjected  to  the  modified  free 
field  environment,  which  is  denoted  Es.  In 
many  practical  cases  a  system  fragility  evalua¬ 
tion  begins  with  the  environment  defined  or 
specified  at  this  level.  It  is  necessary  to 
Interpret  the  system  environment  in  terms  of 
a  nominal  magnitude  level  and  percentages  of 
this  nominal.  The  system  environment  is  oro- 
pagated  to  the  component  via  a  system  trans¬ 
mission  path.  This  path  is  designated  Ts. 

The  resulting  component  environment  is 
designated  Ep.  Component  fragility  evalua¬ 
tions  often  begin  at  this  point.  The  com¬ 
ponent  will  similarly  have  a  transmission 
path,  Tp,  that  propagates  Ec  to  the  location 
of  a  critical  occurrence.  Both  transmission 
paths  Ts  and  Tc  may  represent  structural  or 
functional  characteristics.  For  example, 
mechanical-to-electrical  energy  conversion 
may  be  represented. 

When  Ec  is  sufficient  to  cause  the  compo¬ 
nent  response  to  exceed  a  functional  threshold 
then  the  Ec  at  that  point  forms  a  fragility  sur¬ 
face.  It  may  take  several  iterations  of  varying 
Ec  to  form  a  representative  fragility  surface. 
The  comparison  between  the  threshold  indicator 
and  the  corresponding  environment  is  obtained 
by  means  of  the  inverse  path  Tc  .  This  path 
also  represents  the  feedback  necessary  for 
iterating  E-  levels.  The  resulting  fragility 
surface  is  tnen  denoted  as  a  function  of  magni¬ 
tude,  frequency  and  time,  Ec(M,f,t). 

A  similar  situation  exists  for  establishing 
a  system  level  fragility  surface.  The  inverse 
or  feedback  path  is  from  the  threshold  exceeding 
response  to  Es.  This  is  designated  T$-I  Tc*l. 
The  corresponding  system  fragility  surface  is 
Ec(M,f,t).  Except  for  special  cases  (such  as 
snipping  container  design)  it  is  usually  a 
system  fragility  surface  that  is  desired. 

Figure  11  may  be  readily  extended  by  adding 
many  branch  points  (for  components)  in  a  given 
system.  These  branches  may  be  cascaded  or  in 
parallel.  Further,  the  methodology  may  be 
simplified  to  a  complete  system  level  basis  by 
setting  Tc  equal  to  unity.  It  becomes  more 
representative  as  statistical  uncertainty  bands 
are  added  to  both  the  environments  and  -trans¬ 
mission  functions.  The  versatility  cf  the 
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methodology  Is  summarized  as  follows: 

o  Knowledge  of  environment  can  begin  at 
free  field,  system  or  component  level. 

o  Specific  cases  may  be  Interpreted  as 
system,  component,  or  combined  evalua¬ 
tions  by  unitizing  Ts  or  Tc  or  by 
adding  additional  branches. 

o  Either  system  or  component  level 
fragility  surfaces  may  be  obtained. 

One  may  be  obtained  from  the  other  by 
knowledge  of  Ts. 

The  establishment  of  the  fragility  surface 
E(M,f,t)  then  provides  an  answer  to  the  ques¬ 
tion:  Will  the  system/ component  survive  the 
environment?  The  question  Is  rephrased  as: 

Is  the  system/component  fragility  surface  above 
the  expected  environment  surface?  The  answer 
Incorporates  differences  of  dynamic  character¬ 
istics  of  the  environment  and  provides  a  measure 
of  goodness.  For  example,  negative  surface 
differences  Indicate  system/component  Inadequacy 
while  large  positive  surface  differences  indi¬ 
cate  overconservativeness. 

STANDARD  SIMULATION  TtSTS 

The  preferred  method  of  determining  the 
fragility  of  a  system  is  to  test  it  with  all 
components  Intact.  The  preferred  method 
includes  utilizing  a  realistic  dynamic  environ¬ 
ment,  while  monitoring  operations  or  functional 
parameters  of  each  component.  Unfortunately, 
this  preferred  method  is  seldom  employed 
because  of  the  unavailability  of  a  complete 
system  until  late  in  the  design  cycle,  or 
economical  and  technical  limitations.  Instead, 
tests  are  usually  conducted  at  a  component 
level.  Failure,  malfunction  or  damage  criteria 
pertaining  to  a  system  specification  must  be 
interpreted  as  best  possible  for  each  component 
This  implies  that  system  fragility  require¬ 
ments  be  allocated  to  each  component  in  the 
form  of  a  fragility  budget.  Correspondingly, 
system  fragility  must  be  estimated  from  component 
fragility  results.  The  accuracy  of  these  esti¬ 
mates  is  primarily  limited  by  testing  con¬ 
straints.  Even  system  level  fragility  inaccu¬ 
racy  is  predominated  by  testing  constraints. 

Constraints  of  testing  apply  to  fragility 
determination  in  the  same  degree  as  to  other 
testing  (e.g.,  qualification).  Interpretation 
and  experience,  supported  by  analysis,  must  be 
relied  upon  to  properly  account  for  best  test 
conditions.  A  similar  basis  provides  appropri¬ 
ate  derating  or  enhancement  of  test  results  for 
field  applications.  The  basis  is  reinforced  by 
obtaining  force  measurements  in  addition  to 
motion  measurements  at  the  test  item/test 
fixture  interface^, 35),  such  measurements 
are  necessary  to  resolve  the  fragility  curves 
for  field  installation.  Test  specifications 
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input  motion"  on  the  part  of  the  test  fixture. 

The  major  testing  constraints  are  usually: 

•  Restriction  to  single  axis  testing 

•  Limitation  of  the  test  equipment  (i.e., 
size,  input  capability) 

e  Lack  of  identification  of  the  test  fix¬ 
ture  impedance 

•  Repeatability  (i.e.,  lab-to-lab  or  day- 
to-day) 

•  Unavailability  of  sufficient  numbers  'f 
test  specimen 

•  Inaccessibility  of  operational  or 
functional  measurements 

a  Inability  to  generate  combined  environ¬ 
ments. 

Standard  simulation  tests  are  proposed  for 
shock,  transient  and  vibration  environments. 

These  are  described  next. 

Shock  Test 

Shock  tests  are  simple  pulse  tests.  The 
most  popular  pulse  shape  used  to  date  is  the 
terminal  peak  sawtooth  pulsed.  Other  pulses 
may  be  selected  such  as  the  rectangular  pulse 
which  has  recently  had  a  surge  of  interested 
in  the  packaging  field.  Shock  tests  in  the  sense 
given  here  are  a  special  case  cf  a  transient 
function  described  in  the  next  subsection. 

Overall  control  of  the  pulse  with  respect 
to  frequency  content  is  dictated  by  shock  spec¬ 
tra.  This  relationship  is  shown  in  Figure  12. 

Any  of  the  pulses  on  the  right  may  be  selected 
providing  they  generate  the  appropriate  level 
shock  spectrum.  Levels  begin  at  a  sufficiently 
low  value  to  be  under  fragility.  This  is  iden¬ 
tified  in  the  figure  as  level  1.  Levels  are 
subsequently  increased  to  level  N,  which  corres¬ 
ponds  to  a  failure,  malfunction  or  damage. 

Transient  Test 

Transient  functions  are  defined  as  magnitude 
time  histories  (or  amplitude  time  histories  in 
the  case  of  bilateral  shaker  motion)  which  are 
nonzero  over  a  specified  time  interval (28,36,37). 
This  usage  of  transient  includes  the  wide  range 
of  motions  from  the  analytic  pulse  to  the  onset 
of  stationary  processes.  The  significance  of 
this  range  is  portrayed  in  Figure  13,  which  is  a 
raph  of  amplification  factor  vs.  quality  factor 
i.e.,  inverse  of  two  times  the  damping  ratio). 
The  graph  illustrates  three  pertinent  relation 
ships  between  shocks,  transients  and  vibrations. 

o  Steady  state  vibration  has  a  slope  of 
unity 
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AMPLIFICATION  FACTOR 


SHOCK  SPECTRA 
CONTROL 


REPRESENTATIVE  PULSES 
Figure  12.  Standard  Shock  Fragility  Test 


•  Shock  has  a  slope  of  approximately  zero 

•  Transients  have  slopes  between  the  limits 
of  unity  and  zero 


Figure  13-  Amplification  Versus  Quality  Factor 


These  relationships  are  highlighted  in 
Reference  (37),  which  developed  a  constant  ampli¬ 
tude  transient  sine  sweep  test  technique.  The 
reference  emphasizes  the  third  relationship  above, 
i.e.  a  wide  variety  of  dynamic  loadings  fall 
into  the  transient  category.  This  category  also 
accounts  for  the  number  of  cycles  which  occur  at 
various  .Yequencles  in  the  transient  spectrum. 

Two  types  of  transient  tests  are  currently 
known  to  be  in  use.  In  or.e  form(8,3$),  a  tran¬ 
sient  is  .tierated  in  a  vibration  shaker  control 
system  by  a  very  short  duration  voltage  pulse. 

This  is  used  to  trigger  an  array  of  band  pass 
filters  with  separate  gain  controls.  The  filter 
outputs  are  summed  and  fed  into  the  shaker  system. 
Shaker  motion  time  histories  therefore  have  vari¬ 
ous  frequencies  at  various  times.  Pulse  duration 
is  arbitrarily  fixed.  Shock  spectra  resulting 
from  shaker  motion  are  compared  to  field  service 
shock  spectra  and  corrected  in  a  closed  loop  man¬ 
ner  by  means  of  shaker  equalization.  Shock  spec¬ 
tra  used  in  this  case  corresponds  to  a  single 
quality  factor  (e.g.  Q=10) .  This  approach  is 
illustrated  in  Figure  14.  The  above  discussion 
pertains  to  each  leve'.  of  shock  spectrum.  Levels 
are  increased  from  1  to  N  where  failure,  malfunc¬ 
tion  or  damage  occurs. 
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Figure  1 ^ .  Standard  Transient  Fragility  Test 

Method  1  -  Magnitude  Time  History  Synthesis 


The  other  transient  technique^8,87)  con¬ 
sists  of  a  rapid  sine  sweep  over  the  frequency 
range  of  interest.  Predicted  or  measured  shock 
spectra,  based  on  two  different  quality  factors 
(normally  Q=5  and  Q=25)  are  used  to  describe  the 
environment.  The  ratio  of  these  two  shock  spec¬ 
tra  (i.e.,  Mq=25/m'Q=5)  governs  the  number  of 
cycles  occurring  at  each  frequency.  Sweep  time 
over  the  frequency  range  is  also  controlled  and 
usually  varies  from  1/2  second  to  3  seconds 
duration.  Sweeps  are  made  both  up  and  down  the 
frequency  scale.  Figure  15  illustrates  this 
type  of  transient  test.  Levels  of  the  shock 
spectrum  for  each  quality  factor  are  increased 
to  the  point  of  fragility  without  changing  the 
shock  spectra  ratio. 

Vibration  Tests 

Standard  vibration  tests  are  proDOsed  that 
will  be  composed  of  both  sine  and  random  tests. 
Both  will  have  variable  magnitudes  (or  ampli¬ 
tudes)  as  a  function  of  frequency.  Sine  wave 
testing  consists  of  slow  sine  sweeps  over  the 
frequency  bandwidth.  Such  sweeps  include  reso¬ 
nance  A/ells.  The  approach  is  shown  in  F-_.  re 
16.  Again,  levels  will  be  increased  from  an 
initially  selected  value  to  one  causing  failure, 
malfunction  or  damage. 

Three  options  of  random  vibration  testing 
are  proposed.  The  first  (and  preferred  option) 
is  also  shown  in  Figure  16.  The  power  soectral 
density  magnitude  rolls  off  at  both  the  h'qh  and 
lew  frequency  ends  of  the  test  spectrum.  Option 
B  used  when  the  expected  environment  has  pre¬ 
dominant  low  frequency  energy  content.  Option  C 
pertains  to  predominant  high  frequency  energy. 


All  three  options  maintain  an  equivalent  rms 
value  for  comparable  levels  and  still  cover  the 
entire  frequency  range  of  interest  (or  practi¬ 
cality).  The  Option  A  graph  is  used  to  indicate 
the  customary  increasing  of  level  until  fragility 
is  reached. 

GENERAL  COMMENTS 

The  above  test  concepts  constitute  the  cur¬ 
rent  general  level  of  testing  standardization. 
More  detailed  procedures  are  found  in  the 
literature.  Standard  fragility  tests  provide  a 
number  of  advantages.  Test  results  aid  in  situ¬ 
ations  involvina  comparisons  between  products. 
They  also  support  diagnosis  and  identification 
of  malfunction/failure  mechanisms  and  help  in 
determining  system/component  applicability  to 
wide  ranges  of  environments.  Standard  tests  on 
widely  used  products  conducted  within  a  reasona¬ 
ble  time  period  should  provide  meaningful  statis¬ 
tical  data. 

Classification  of  the  fault  producing 
mechanism  is  particularly  important..  It  helps 
determine  whether  the  mechanism  is  under  design/ 
manufacturing  control  or  a  casual  result  of  a 
production  process.  In  the  former  case  random 
fault  occurrence  and  environment  level  are  under 
control.  In  the  latter  case,  extreme  variability 
can  result.  Once  identified,  many  faults  may  be 
eliminated  or  circumvented.  Recent  designs  of 
computerized  operational  equipment  are  incorpor¬ 
ating  failure  detection  and  correction  software. 
Such  concepts  will  influence  fragility  conceots 
more  as  the  minicomputer  enters  the  average 
household. 
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SHOCK  SPECTRA  CONTROL 


Figure  15.  Standard  Transient  Fragility  Test 
Method  2  -  Transient  Sine  Sweep 


The  non-standard  phase  of  the  methodology 
differs  from  that  of  standard  testing  by  uniquely 
establishing  the  external  environment  and  trans¬ 
mission  characteristics.  Also,  aonrooriate 
uncertainty  bands  are  assigned  to  these.  Either 
a  standard  or  specific  fragility  evaluation  is 
conducted  by  subjection  the  svstem/comoonent  to 
increasing  percentages  of  transmitted  environ¬ 
ment  (predicted  or  measured)  until  fragility  is 
attained.  craoility  levels  with  associated  un¬ 
certainty  bands  are  derived  from  these  results 
by  derating  according  to  the  constraints  of  the 
-ethods  employed  (e.o..  impedance  corrections). 
Subsequent  to  a  -'alfunction  determination,  the 
degree  cf  orocess  control  governing  this  unde¬ 
sirable  effect  should  be  established  and  renair 
or  upgrade  methods  considered,  Malfunction 
mechanisms  are  often  readily  eliminated  once 
their  nature  is  identified.  Too  often  these 
mechanisms  are  careless  design  or  assembly  trivia 
with  embarrassingly  drastic  results. 


CONCLUSIONS 

Definitions  are  made  for  fragility  parame¬ 
ters  and  criteria  that  are  general  in  nature. 
They  are  intended  to  encompass  and  satisfy  vari¬ 
ous  fields  of  technology.  These  include  trans¬ 
portation,  structural  dynamics,  packaging, 
guidance/control  and  operations/systems  engi¬ 
neering  and  management. 

Various  examples  of  system/comoonent  unique 
sensitivities  serve  to  indicate  the  strong  in¬ 
fluence  of  environment  on  the  fragility  surface. 
They  also  point  out  the  need  for  fullv  under¬ 
standing  the  system/comoonent  dynamic  behavior 
and  any  subtle  coupling  between  modes  that  mav 
exist.  These  examples  provide  encouragement 
that  modeled  fragility  is  attainable  and  it  adds 
technical  insight  to  a  fragility  evaluation. 
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SLOW  SINE  SWEEP  t  DWELL 


Figure  !6.  Standard  Vibration  Fragility  Tests 


Advantages  and  oroblems  of  obtaining  re¬ 
alistic  dynamic  environment  are  discussed.  A 
orimary  long  term  benefit  is  greater  versatility 
in  the  application  of  the  resulting  evaluation 
data.  Some  alleviation  of  such  realism  require¬ 
ments  is  justified  by  standardized  test  soeci- 
fi  cations . 

A  philosophy  for  determining  fragility  is 
presented.  This  philosophy  pertains  to  unique 
or  standard  cases  and  alla/s  treatment  of  system 
level  or  comoonent  level  evaluations.  Standard 
tests,  evolved  from  oast  testing  oractices  of 
shock,  transient  and  vibration  environments,  are 
prescribed.  At  a  minimum,  fragility  testinq 
using  standard  environments  oresents  a  first  cut. 
It  helps  to  accumulate  data,  provide  statistical 
samples  and  indicate  methods  of  upgrading. 

The  authors  have  attemnted  to  identify  key 
areas  that  can  be  pursued  further.  Without 
proper  guidelines  inefficient  testing  usually 
occurs.  Too  often  worthless  or  wasted  data  re¬ 
sults.  Establishment  of  a  fragility  budnet  for 
individual  components  will  ensure  desired  fra¬ 
gility  exists  at  the  system’s  "moment  of  truth”, 
the  acceptance  or  qualification  test.  A 


national  fragility  index  will  permit  greater 
versatility  and  insight  when  initial  selections 
of  hardened  parts  are  made.  This  situation  is 
gaining  interest  with  changes  in  procurement  and 
development  philosophies.  Off-the-shelf  compo¬ 
nents  and  subsystems  are  being  emphasized  as  in 
the  3-1  Bomber  and  Space  Shuttle  programs. 
Similar  emphasis  can  be  expected  on  future 
Department  of  Transportation  projects.  Manufac¬ 
turers  producing  components  hardened  to  a  wide 
ranoe  of  environments  will  justifiably  have  a 
:ompetitive  advantage. 
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Mr.  Kole\  (Sandla  laboratories)  •  Mas  vour 
committee  been  doing  anv  work  related  to  the  use  of 
I'alltreo  analysis  techniques  and  associating  them 
with  fragility  assessments'* 

Mr.  Safford  (TI!\V  Systems):-  Not  at  this  time. 
What  we  are  basically  doing  is  setting  up  a  skeleton 
or  \ou  might  call  it  a  straw  man.  We  want  to  broad¬ 


cast  that  to  anybody  and  everybody  that  has  an  in¬ 
terest  in  this  business  and  look  for  contributions. 
Then  we  are  going  to  go  through  a  series  of  itera¬ 
tions,  The  main  point  is  that  we  want  to  get  the 
state-of-the-art  as  it  is  in  the  nation.  So  anybody 
that  is  Interested  and  would  like  to  participate  is 
most  welcome.  I  would  like  to  talk  to  you  later. 


CONTROLLING  PARAMETERS  FOR  THE  STRUCTURAL  FRAGILITY 


OF  LARGE  a*)CK  ISOLATION  SYSTEMS 


Robert  J.  Port,  Mechanical  Engineer 
Facilities  SurvivfMlity  Branch 
Air  Force  Weapons  Laboratory 
Kirtland  Air  Force  Base,  New  Mexico 


A  sensitivity  study  was  performed  on  the  design  parameters  of  a  large 
shock  isolated  equipment  platform  supported  by  six  mechanical  spring 
isolators  that  also  ftrction  as  pendulun  aims.  The  analytic  study  was 
performed  on  a  finite  difference  computer  code  that  calculated  the 
system  response  for  increasing  inputs  uitil  failure  a*  .  ?ix  isola¬ 
tors  provided  an  estimate  of  the  system  structural  fit,  Uty.  The 
highly  nonlinear  system  response  at  or  close  to  the  ultimate  failure 
levels  was  displayed  on  a  computer-made  movie  of  the  platform  motion 
time  history. 


INTRODUCTION 

A  shock  isolation  system  is  noimally  de¬ 
signed  for  survivability  against  a  severe 
dynamic  input.  The  designer  is  provided  with  a 
maximum  design  level  of  the  input  environment, 
the  maximun  levels  that  can  be  tolerated  by  the 
internal  system  components ,  aid  the  geometric 
and  system  constraints  for  the  specific  applica¬ 
tion.  The  shock  isolation  system  is  then  engi¬ 
neered  to  attenuate  the  input  motion  to  the  ac¬ 
ceptable  internal  levels. 

Another  consideration,  which  is  not  always 
addressed  by  the  designer,  is  to  determine  the 
|  system  vulnerability  to  levels  above  the  speci¬ 

fied  design  values,  and  to  establish  the  ulti¬ 
mate  failure  level  or  fragility  of  the  system. 
i  A  study  of  this  type  can  sometimes  produce 

*  minor  design  changes  which  greatly  increase  the 

maximum  system  capability  with  little  or  no  ef- 

,  feet  on  the  survivability  at  the  original  de- 

i  sign  levels.  Ignoring  the  system  vulnerability 

may  produce  a  future  requirement  for  major 
field  modifications  if  the  original  design 
’  levels  were  incorrectly  estimated,  or  future 

j  needs  dictate  a  higher  capability. 

j  The  determination  of  system  fragility  in¬ 
i'  volves  the  analysis  of  failure  modes  and 

*  failure  levels  that  are  coupled  in  a  highly  non- 

s  linear  system  response.  The  nonlinear  charac- 

|  teristics  usually  make  each  situation  unique, 

r  and  prevents  the  development  of  general  design 

|  procedures.  In  order  to  describe  some  of  the 

*  inherent  problems  in  fragility  determination, 

|  this  paper  will  be  directed  to  a  specific  ap- 

|  plication  involving  a  large  shock-isolated 


equipment  platform.  The  solution  procedure 
relies  heavily  on  the  use  of  a  digital  computer 
to  calculate  and  graphically  display  the  non¬ 
linear  response  characteristic  near  the  system 
failure  levels.  In  addition  to  providing  con¬ 
clusions  for  the  specific  application,  the 
example  is  intended  to  show  the  ease  in  which 
the  computer  can  be  used  to  assimilate  a  non¬ 
linear  grouping  of  simple  physical  models  and 
provide  detailed  design  information. 

PROBLEM  DESCRIPTION 

Consider  the  design  of  a  shock  isolation 
system  for  a  hypothetical  equipment  platform 
shown  in  figure  1  with  the  dynamic  character¬ 
istics  listed  in  table  I.  The  floor  or  plat¬ 
form  is  a  rigid  structure  of  steel  plates  and 
beams  that  is  con  figured  as  a  sector  o*  an 
annulus.  The  equipment  is  contained  in  tall 
racks  that  are  rigidly  bolted  to  the  platform. 

The  initial  design  process  leads  to  an 
overhead  sunoort  on  six  mechanical  spring 
isolators  (Fig.  2)  that  also  act  as  pendulum 
arms.  The  spring  constants  listed  as  the 
standard  case  in  table  II  will  provide  equal 
dead  load  deflection  of  2.316  inches,  and  a 
vertical  natural  frequency  of  2.1  Hertz.  The 
above  design  will  limit  the  acceleration  at  the 
equipment  to  levels  below  3  g  as  long  as  the 
shock  input  does  not  cause  the  springs  to  ex¬ 
ceed  their  linear  range.  The  linear  range- or 
distance  to  solid  height  was  made  uniform  to 
accomodate  a  shock  spectra  input  of  S  inches 
without  introducing  nonlinearity.  Damning  was 
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Figure  1.  Shock  Isolated  Platform 


not  considered  necessary  to  meet  the  design 
conditions,  and  a  value  of  11  of  critical  damp¬ 
ing  is  assuned  for  the  mechanical  spring  arrange¬ 
ment 

FRAGILITY  CONS I DERATIONS 

The  basic  design  configuration  will  pro¬ 
vide  a  satisfactory  solution  to  survive  the 
given  design  levels.  The  next  step  is  to  deter¬ 
mine  the  ultimate  failure  levels  and  the  influ¬ 
ence  of  the  design  parameters  on  the  system 
vulnerability.  Two  modes  of  failure  are  pos¬ 
sible:  1)  malfunction  o*  the  acceleration 
sensitive  equipment  due  to  the  high  frequency 
signal  generation  when  the  isolator  springs  are 
driven  to  solid  height;  and  2)  structural  fail¬ 
ure  of  the  isolators  due  to  increased  tensile 
loads  at  solid  height  conditions.  This  paper 
will  address  only  the  latter  structural  failure 
mode. 


Determination  of  'the  structural  fragility 
requires  the  calculation  oc  the  three  dimensional 
floor  response  after  the  springs  are  driven  into 
the  solid  height  condition.  A  commuter  program 
was  developed  to  provide  the  nonlinear  system 
response  based  on  the  followin'*  assumptions: 

1)  The  platform  responds  as  a  rigid 
body. 

2)  The  isolator  has  a  linear  force  de¬ 
flection  curve  up  to  the  solid 
height  position. 

3)  The  isolator  acts  like  a  stiff  lin¬ 
ear  spring  beyond  solid  height. 

4)  The  isolator  fails  abruptly  when  a 
given  failure  load  is  exceeded. 

5)  The  isolator  d  arming  force  is  pro¬ 
portional  to  the  platform  velocity 
(viscous) . 

The  isolator  failure  model  is  shown  in 
figure  3  along  with  some  datum  points  that  were 


Figure  3.  Isolator  Model 
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TABLE  I 

PLATFOFM  CONSTANTS 


PARAMETER 

SYMBOL 

VALUE 

TOTAL  WEIOiT 

W 

8875. 

OENTER  OF  GRAVITY 

X 

■M 

Y 

Z 

32.00 

MOMENTS  OF  INERTIA 

Txx 

234500. 

ryy 

206S00. 

rZ2 

323300. 

PRODUCTS  OF  INERTIA 

rxy 

68370. 

45740. 

53070. 

LENGTH  OF  ISOLATOR 

0 

120. 

TABLE  II 

PARAMETER  VALUES  FOR  SENSITIVITY  STOW 


STANDARD 

CASE 

CASE 

CASE 

CASE 

I 

2 

3 

SPRING  CONSTANTS  1 

483 

500 

' 

500 

OF  THE  SIX  2 

500 

500 

500 

ISOLATORS  3 

625 

667 

Mi 

667 

(LBS/IN.)  4 

517 

500 

IjJ 

500 

5 

1000 

1000 

EE 

1000 

6 

708 

667 

WmSM 

667 

DISTANCE  FROM  1 

7.5 

8.5 

NEUTRAL  POSITION  2 

7.5 

8*5 

TO  SOLID  HEIGHT  3 

7.5 

8*5 

CONDITION  (IN.)  4 

7.5 

8.5 

5 

7.5 

7.5 

6 

7.5 

8.5 

PERCENT  OF  CRITICAL 

DAMPING  (I) 

1 

ISOLATOR  FAILURE 

40000 

LOADS  (LBS) 

STEP  INPUT 

LEVELS  BETWEEN 

PASS  AND  FAIL 

7.S-8.0 

8.0-8. 5 

8. 0-9.0 

(IN.) 

obtained  from  a  quasi-static  loading  of  the 
pendulum  spring  isolators  used  in  the  Minute- 
man  System  [1].  No  data  is  available  near  the 
failure  level,  but  local  yielding  is  expected 
to  cause  a  reduction  in  the  assumed  spring 
constant  just  before  failure.  The  simplified 
model  that  uses  an  abrupt  failure  criteria  is 
an  assumption  that  was  selected  for  simplicity, 
and  may  or  may  not  be  validated  by  future 
studies. 

A  computer  nrogram  was  developed  to  as¬ 
similate  tlie  various  physical  models  that  re¬ 
present  the  different  components  of  the  shock 
isolation  system.  A  rigid  bodv  code  that  would 
solve  the  three-dimensional  equations  of 
motions  expressed  in  terms  of  P.uler  annles 
would  have  been  desirable  but  was  not  possible 
within  the  schedule  constraints  and  available 
manpower.  A  less  sophisticated  but  easier  to 
program  appraoch  was  adopted  that  consists  of  a 
lunped  mass  model  of  the  floor.  The  mass  points 
are  connected  by  stiff  springs  and  dash  pots  to 
maintain  within  a  small  error  the  initial  rigid 
configuration.  The  equations  of  motion  can 
then  be  solved  by  finite  difference  techniques 
to  produce  the  three-dimensional  system  re¬ 
sponse.  A  brief  description  of  the  numerical 
method  is  given  in  the  appendix. 

DISCUSSION  OF  RP  SUITS 

The  computer  program  was  used  to  conduct  a 
Varametric  study  for  determining  the  sensitivity 
of  system  fragility  to  small  changes  in  the  de¬ 
signed  solution.  The  calculated  system  re¬ 
sponse  was  found  to  contain  a  great  deal  of 
rotational  motion  in  the  form  of  pitching  ;md 
yawing  of  the  floor  when  solid  height  and  iso¬ 
lator  failure  conditions  were  encountered.  The 
nonlinear  motion  was  impossible  to  analyze  in 
the  form  of  printed  computer  output,  and 
created  a  need  for  visual  display.  A  computer 
routine  was  incorporated  to  produce  a  16-mm 
movie  showing  the  motion  of  the  floor  as  a 
function  of  time.  The  movie  provides  an  excel¬ 
lent  visual  record  for  determining  the  sensi¬ 
tivity  of  some  of  the  critical  parameters  and 
providing  insight  into  requirements  for  design 
improvements.  Unfortuiately  the  movie  cannot 
be  incorporated  into  this  report,  which  will 
tend  to  reduce  the  impact  of  the  parametric 
study. 

Table  II  displays  the  values  of  the  various 
parameters  that  were  used  in  seven  cases  of  the 
sensitivity  study.  The  no-entry  positions  in 
tire  table  mean  the  parameter  is  identical  to 
that  of  the  standard  case,  and  was  omitted  for 
clarity.  The  driving  input  to  the  system  con¬ 
sisted  of  a  step  vertical  displacement  of  the 
ceiling  attachment  point  in  the  downward 
direction.  The  input  displacement  was  in¬ 


creased  incremently  until  the  ultimate  failure 
was  reached  (all  six  isolators  had  failed 
structurally) .  The  largest  input  that  did  not 
produce  failure  and  the  minimtm  input  that  did 
nroduce  failure  are  listed  in  the  last  row  of 
table  II. 

The  standard  case,  first  colurm  of  table 
II,  was  designed  to  provide  uniform  vertical 
motion  within  the  linear  range  of  the  isolator 
springs.  This  uniformity  does  not  exist  after 
the  spring  is  reduced  to  solid  height,  as  all 
the  solid-height  spring  constants  are  assumed 
equal.  At  inputs  greater  than  solid  height  the 
floor  tends  to  pitch  and  yaw  causing  the  out¬ 
board  isolators  to  fail  on  tbe  second  or  third 
cycle.  Failure  of  one  or  two  isolators  will 
nrovidc  additional  loads  on  those  remaining, 
and  tend  to  produce  catastrophic  Failure 
several  cycles  later. 

The  first  and  second  cases  of  table  II  were 
selected  to  study  the  effect  of  using  slightly 
different  spring  constants.  Case  2  involves  a 
system  design  which  uses  only  three  types  oF 
isolators  and  would  thercFore  be  desirable  for 
reducing  the  svstem  production  costs.  Case  3 
was  considered  as  a  worst  case  for  a  situa¬ 
tion  involving  poor  quality  control  during  the 
manufacture  end  production  of  large  springs. 
Although  the  ultimate  failure  lewis  did  not 
vary  significantly  from  that  of  the  standard 
case,  the  actual  motion  time  history  as  dis¬ 
played  in  the  movie  is  quite  different.  Case  3 
produced  the  most  out-oF-plane  motion  and  would 
he  the  worst  case  for  an  acceleration-sensitive 
equipment  failure,  as  the  solid  height  condi¬ 
tion  on  the  outboard  isolators  was  reached  at 
low  input  levels. 

Case  4  was  chosen  to  studv  the  effects  of 
changing  the  distance  to  solid  height.  Five 
of  the  solid  height  distances  were  increased 
by  one  inch  over  that  of  the  standard  case. 

The  effect  was  to  create  a  violent  pitching 
motion  when  the  one  soring  bottomed  before  the 
others.  An  isolator  failure  occurred  on  the 
second  cycle  of  a  7-inch  input,  followed  by  the 
failure  of  the  remaining  springs  on  later  cycles. 
Since  the  ultimate  failure  level  was  lower  than  , 
that  of  the  standard  case,  increasing  the  dis¬ 
tance  to  solid  height  in  a  nonunifoim  manner 
can  reduce  the  system  fragility. 

The  next  two  cases,  5  and  6,  were  experi¬ 
ments  to  assess  the  advantages  of  introducing 
additional  dancing  into  the  isolators.  The  re¬ 
sulting  increase  in  the  system  fragility  is  not 
surprising  since  the  minimun  input  failure  oc¬ 
curs  after  several  cycles,  and  the  late  time 
motion  is  strongly  influenced  by  the  amoint  of 
damping  in  the  system.  The  increase  from  H  to 
21  of  critical  damning  produced  a  slight  change 


[1]  F.  T.  Krek,  "Static  and  Shock  Testing  of  Wing  I,  LER  Shock  Isolators,"  Technical  Report  No. 
AFSWC-TR-70-?,  \bl  I,  Kirtland  AFB,  NM 
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in  the  fragility  levels  end  system  metier..  In 
case  6  where  the  damping  was  101,  a  significant 
increase  in  fragility  was  obtained  that  would 
most  likely  shift  the  failure  mode  into  that  of 
an  equipment  failure. 


The  last  study,  case  7,  had  an  increase  of 
the  spring  failure  force  which  almost  pre¬ 
vented  a  structural  failure.  It  would  be  al¬ 
most  impossible  with  standard  inputs  to  intro¬ 
duce  sufficient  energy  into  the  system  to  drive 
the  solid  height  spring  constant  to  the  failure 
level  for  this  case.  In  this  situation, 
another  mode  would  dominate  the  fragility. 


CONCLUSION'S 


The  structural  fragility  determination  of 
large  shock  isolation  systems  is  complicated 
by  three  dimensional  nonlinear  motion  that  oc¬ 
curs  when  isolator  snrings  arc  driven  to  their 
solid  height  conditions.  Extreme  pitching  and 
yawing  cause  severe  loadinp  and  then  failure  of 
outboard  isolators,  followed  in  many  cases  by 
failure  of  the  remaining  isolators  on  subsequent 
cycles.  The  intricate  motion  is  most  easily 
studied  by  the  use  of  computer- made  movies  that 
display  the  time  dependent  solution  of  the  basic 
equation  of  motion. 

A  parametric  study  on  a  pendulum  spring- 
mounted  equipment  platform  has  produced  the  fol¬ 
lowing  conclusions: 

1)  Reasonable  variation?  in  spring 
constant  values  do  not  produce 
significant  changes  in  the  system 
structural  fragility. 

2)  It  is  desirable  to  provide  equal 
solid  height  distances  for  all 
springs,  and  thus  reduce  the  energy 
coupled  into  rotational  modes. 

3)  Small  amounts  of  system  damping  can 
cause  significant  changes  in  the 
system  fragilitv  levels. 

4)  Strengthening  the  isolators  will 
increase  the  system  fragility,  and 
may  eliminate  structural  failure  as 
the  prime  failure  mode. 
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APPENDIX  -  COMPUTER  CALCULATIONAL  MODEL 

The  shock  isolated  platform  was  divided 
into  12  lumped-pass  points,  six  located  at  the 
isolator  attachment  points,  and  six  at  an  80- 
inch  elevation  above  the  attachment  points.  The 
arrangement  provided  a  three-dimensional  array 
of  point  masses  that  could  be  made  dynamically 
similar  to  a  given  system  by  carefully  selecting 


uie  values  uf  the  12  unknown  masses,  r.ach  mass 
was  connected  to  each  of  the  ot.-'-r  masses  by  a 
stiff  spring  (60,000  #/in.)  to  limit  the  rela¬ 
tive  motion  and  provide  an  approximation  to  a 
rigid  bodv.  The  equations  of  motion  were  ex¬ 
pressed  in  cartesian  coordinates  and  all  vectors 
were  expressed  by  their  components  along  the 
coordinate  directions. 


The  finite  difference  technique  was  a  sim¬ 
ple  explicit  scheme  that  defines  the  displace¬ 
ment  on  equal  increments  of  time,  and  the  veloc¬ 
ity  at  the  midpoint  of  the  time  increments.  The 
procedure  ir.  most  easily  discribed  by  applying 
it  to  the  simple  one-dimer sional  equation  of 


motion. 


Mx  +  Cx  +  Kx  «>  0 


(1) 


where  M  ■  mass 

C  ■  damping  coefficient 
x  »  position  coordinate 
v  •  velocity 

The  calculation  cycle  starts  with  known 
values  of  the  displacement,  x(t),  and  velocity, 
v(t-l/2At) ,  and  provides  an  estimate  for  the 
undated  vclocitv. 

v(t+l/2At>  -  v(t-l/2At)  -  Kx(t)At  (2) 

The  estimated  value  is  used  to  make  a  final 
nrcdiction  that  includes  damning  effects 

v(t+l/2At)  -  v(t-l/2At)  -  Kx(t) At  - 

l/2C(v(t+l/2At)  +  v(t-l/2At))At  (3) 

Finally  the  position  vector  is  undated 
x(t+At)  •  x(t)  +  v(t+l/2At)At  (4) 

The  updated  values  then  complete  the  calcu¬ 
lations  for  the  given  time  sten,  and  provide  the 
inputs  for  stenping  off  another  time  increment. 
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DISCUSSION 


Mr.  Bachman  (Holmes  and  Narver):-  Are  listings 
and  tTuT doeu mentation  of  vour  computer  program 
available  ? 

Mr.  Port:'  Not  at  the  present  time.  !  will  be 
writing  a  report,  which  will  be  classified  because  it 
addresses  the  mlnuteman  aspect  itself. 

Mr.  tUichman :  Will  they  still  available  to  the 
public  ? 

Mr.  Port:  They  will  be  available  through  the 
Air  Force  Weapons  Laboratory,  but  they  are  not 
written  as  yet. 

Mr.  Hymer  (Naval  Air  Test  Center):  These  are 
questions  related  more  to  the  hardware  that  backs  up 


your  technique  than  the  technique  Itself.  How  much 
core  was  required  for  this  kind  of  program,  and  on 
what  kind  of  machinery  did  you  run  it  ? 

Mr.  Port:  We  have  a  CDC  G600  with  a  50,000 
word  storage.  The  entire  program  ran  6  minutes. 

Mr,  Safford:  I  think,  as  Mr.  Rountree  stated, 
once  you  have  measured  o:  analyzed  fragility  if  you 
start  playing  games,  you  c.  t  very  simply  raise  your 
fragility  and  often  to  very  considerable  lengths.  The 
obvious  question  is:  once  you  have  all  this  fragility 
what  does  it  really  mean  in  assessing  a  system's,  or 
a  subsystems,  resistance  to  environment,  or  its 
hardness. 
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HARDNESS  EVALUATION 


W.  H.  Rowan 
TRW  Systems  Group 
Redondo  Beach,  California 


This  paper  presents  a  statistical  approach  to  the  evaluation  of  the 
failure  of  complex  systems.  The  approach  starts  with  a  computation 
of  the  free  field  nuclear  effects,  the  modification  of  these  effects 
by  such  things  as  shock  isolation  and  other  protective  equipment,  and 
finally,  the  system  response  in  terms  of  the  probability  of  component 
failure  due  to  the  weapon  Induced  environments.  The  component  prob¬ 
abilities  of  failure  are  combined  by  means  of  system  failure  network 
logic  to  obtain  the  system  probability  of  failure.  An  important 
characteristic  of  the  approach  is  that  it  takes  into  account  the  many 
statistical  uncertainties  and  correlations  corresponding  to  the  para¬ 
meters  involved. 


INTRODUCTION 

For  over  a  decade,  TRW  Systems  has  been 
concerned  with  the  survivability  of  hard  and 
fixed  strategic  weapon  systems.  One  of  the 
tools  which  has  been  developed  during  this  period 
is  FAST  -  Failure  Analysis  Using  Statistical 
Techniques.  In  a  restricted  sense,  FAST  is  a 
family  of  computer  codes  for  evaluating  system 
hardness  as  a  function  of  free  field  environ¬ 
ments,  transfer  functions,  and  fragilities.  In 
a  more  general  sense  however,  FAST  is  a  system¬ 
atic  and  comprehensive  methodology  for  evaluation 
of  system  survivability  -  giving  clear  perspec¬ 
tive  to  priorities,  sensitivities,  alternatives, 
and  risks.  Tha  purpose  of  this  paper  is  to 
discuss  briefly  how  the  system  engineering  and 
system  analysis  techniques  of  the  methodology 
can  be  used  for  a  hardness  evaluation  of  any 
military,  civilian,  or  space  system. 

In  the  past  the  application  of  FAST  method¬ 
ology  has  been  restricted  to  weapon  systems  in 
being  for  purposes  of  either  assessment  or  up¬ 
grade,  assessment  meaning  evaluation  of  the 
achieved  hardness,  and  upgrade  meaning  changing 
of  the  system  to  improve  hardness.  The  assess¬ 
ment  of  the  hardness  of  a  complex  system  due  to 
nuclear  attack  requires  calculation  of  the 
environment  seen  by  each  component,  evaluation 
of  how  each  component  responds  to  the  environ¬ 
ment,  and  evaluation  of  how  the  probability  of 
failure  of  these  components  contribute  to  the 
overall  failure  probability  of  the  system. 


The  FAST  methodology  first  identifies  all 
of  those  components  whose  failure  can  contribute 
directly  or  indirectly  to  system  failure.  The 
individual  failure  mechanisms  of  the  components 
are  identified  and  related  to  the  environment 
from  the  exploding  weapon.  The  path  of  these 
effects  from  the  weapon  detonrtion  to  the  fail¬ 
ing  component  involves  three  basic  steps  (see 
Figure  1): 

1)  Weapons  effects,  such  as  ground  shock, 
overpressure,  debris,  radiation,  etc., 
are  related  to  the  size  of  the  weapon 
and  the  distance  from  the  burst  to  the 
facility; 

2)  Transfer  functions  are  employed  which 
account  for  the  transmission  of  the 
nuclear  environments  through  the  struc¬ 
ture  including  any  shock  isolating  or 
protective  equipment  to  the  vicinity  of 
the  component; 

3)  The  failure  probability  of  the  component 
is  given  by  its  fragility,  which  is  the 
failure  probability  of  the  component  as 
a  function  of  the  severity  of  the  local 
environment. 

Finally,  the  component  failure  probabil¬ 
ities  are  combined,  by  means  of  appropriate 
system  network  logic,  to  obtain  the  system  fail¬ 
ure  probability.  By  repeating  such  calculations 
for  several  weapon  mi sdi stances,  the  system 
probability  of  survival  as  a  function  of  over¬ 
pressure  can  be  obtained  as  diagramed  in 
Figure  1. 


135 


136 


gure  I.  Assessment  Methodology  Overview 


An  Important  consideration  which  is  treated 
by  the  FAST  methodology,  th2t  faiiufo  nf 
the  system  will  never  be  known  with  certainty. 

No  component  failure  level  is  ever  known  pre¬ 
cisely,  and  the  propagation  of  the  weapon 
effects  from  the  point  of  weapon  detonation  to 
the  interior  of  a  facility  is  subject  to  uncer¬ 
tainties  due  to  soil  inhomogeneities,  manufac¬ 
turing  variabilities,  and  the  uncertainties  of 
weapon  effects  scaling  laws. 

Two  categories  of  variation  are  recognized 
by  the  FAST  codes.  The  first  variation,  physi¬ 
cal  uncertainties,  is  present  in  the  input  data 
because  of  statistical  variation  in  the  manu¬ 
facturing  process,  soil  properties,  and  meteor¬ 
ological  phenomena.  Such  statistical  variation 
in  the  input  parameters  is  illustrated  in 
Figure  1  (i.e.,  probability  density  functions). 

The  other  variation  arises  from  imprecise 
knowledge  or  uncertainties  in  the  input  data 
which  may  be  associated  with  inadequate  empiri¬ 
cal  data  on  significant  parameters  or  the  uncer¬ 
tainties  associated  with  the  mathematical  models 
employed.  Because  of  these  uncertainties, 
biases  will  exist  in  the  input  parameters.  Each 
bias  is  assumed  to  have  a  distribution  appropri¬ 
ate  to  its  uncertainty.  A  given  bias  will 
extend  uniformly  over  a  population  of  facilities 
and,  hence,  cannot  be  removed  or  suppressed  by 
an  averaging  process.  Such  uncertainties  are 
reducible  by  means  of  analyses  to  develop 
improved  mathematical  models  or  by  means  of 
test  programs  to  provide  Improved  data.  It  is 
a  major  object  /e  of  the  survivability  calcula¬ 
tions  to  discriminate  between  these  two  kinds 
of  variability. 

METHODOLOGY 

This  section  provides  a  description  of  the 
process  used  to  generate  the  system  survivabil¬ 
ity  estimates  using  the  FAST  computer  codes. 

The  discussion  is  treated  in  three  parts. 

o  Development  of  free  field  nuclear 
weapon  environment  estimates,  including 
the  probability  of  their  accuracy  which 
depends  upon  variations  in  physical 
properties  such  as  soil  characteristics 
across  the  weapon  system  and  the  uncer¬ 
tainty  in  these  estimates  which  depends 
upon  the  accuracy  of  the  estimating 
procedures  such  as  calculational 
techniques  and  empirical  relations. 

o  System  analysis  which  yields  probabil- 
ities/uncertainties  in  transfer 
functions,  system  failure  networks,  and 
probabllity/uncertainty  in  component 
hardness  (or  fragility). 

o  FAST  calculations  which  combine  the 
results  of  the  free  field  and  system 
analyses  to  yield  the  survivability 
estimates. 


The  relation  of  these  three  aspects  of  the 
FAST  mathodolnny  are  illustrated  in  Fiaure  f. 

The  free  field  environment  analysis  and  system 
analysis  are  depicted  along  with  the  seven  (7) 
outputs  from  these  two  principal  activities. 

Then  these  seven  outputs  become  the  inputs  to 
the  flow  diagram  which  represents  the  sequence 
of  FAST  calculations. 

FREE  FIELD  ENVIRONMENTS 

Consider  the  environmental  analysis  in 
Figure  2.  Here  relations  are  developed  which 
describe  the  free  field  weapon  environments  as 
a  function  of  the  physical  properties  of  the 
facility  location.  Using  these  relations,  cal¬ 
culations  are  done  for  a  nominal  range  from 
ground  zero,  (GZ),  and  a  specific  yield,  to 
obtain  predictions  of  the  nominal  free  field 
weapon  environments  at  eacn  site.  All  major 
categories  of  nuclear  environment  are  considered, 
such  as  the  following:  nuclear  radiation,  EMP, 
ground  shock,  air  blast,  thermal,  and  debris. 
These  major  weapon  effects  categories  can  be 
broken  down  into  further  detail,  such  as  neu¬ 
trons,  gammas,  and  x-radiaticn  for  nuclear 
radiation,  and  displacement,  velocity  and  accel¬ 
eration  for  ground  shock.  In  addition,  as 
necessary,  additional  subcategorization  into 
such  aspects  as  prompt,  secondary,  direct- 
induced,  air-inauced  and  outrunning  are  also 
treated.  Details  of  the  processing  of  these 
data  are  shown  in  Figure  3. 

On  the  left  side  of  Figure  3  is  shown  a 
matrix.  The  rows  in  this  matrix  are  numbered 
1  throuqh  n,  where  n  is  the  number  of  sites. 

The  col  *  correspond  each  to  a  single  physical 
enviror.i  property.  For  example,  to  support 
calculation*  of  failure  due  to  ground  shock, 
the  physical  environment  properties  required 
are  soil  properties  such  as  constrained 
modulus,  Poisson's  ratio,  and  densities  at 
various  levels  below  the  surface. 

The  matrix  of  environmental  properties  is 
used  as  input  to  the  relations  for  computing  a 
matrix  of  local  free  field  environments  at  each 
site.  This  is  shown  by  the  second  matrix  in 
Figure  3.  The  rows  in  this  column  are  numbered 
1  through  n,  corresponding  to  the  same  facilities 
in  the  paragraph  above.  The  colnrns  in  this 
matrix  correspond  to  individual  environmental 
parameters.  In  the  case  of  the  ground  shock 
environment,  examples  of  such  parameters  include 
peak  velocity,  acceleration,  and  displacement  at 
several  ground  depths.  The  elements  within  this 
matrix  are  the  numerical  values  of  the  predicted 
local  nuclear  environments,  represented  in  terms 
of  physical  parameters,  at  each  site.  The 
columns  of  this  last  matrix  are  examined  for  fit 
to  a  normal  or  log-normal  probability  distribu¬ 
tion  which  is  a  convenience  that  simplifies 
calculation;  however,  it  is  not  a  necessary 
transformation.  The  completed  matrix  could  be 
used  if  desired. 
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Figure  2.  Assessment  Methodology  Data  Inputs 


The  data  in  tins  matrix  is  then  regarded 
as  a  distribution  of  n  environments  in  N  dimen¬ 
sional  space  (where  "N"  is  the  number  of 
environmental  parameters  being  treated).  An  N 
dimensional  multivariate  normal  distribution  is 
then  fitted  to  the  data.  This  calculation  pro¬ 
vides  the  data  for  Items  3  and  4  in  Figure  3; 
namely,  the  covariance  matrix  and  mean  value 
vector  representing  site-to-site  variation. 

The  co/ariance  matrix  for  a  multivariate  normal 
distribution  is  the  analog  of  the  variance  for 
a  normal  distribution  on  a  single  variable. 

The  mean  value  vector  corresponds  to  the  mean 
of  a  normal  distribution  defined  for  each 
individual  environmental  variable. 

During  the  environment  analysis,  scaling 
laws  are  developed  which  provide  a  capability 
to  predict  the  free  field  nuclear  environments 
for  varied  ranges  and  yields.  This  is  Item  1 
in  Figure  2. 

Significant  uncertainty  is  recognized  in 
the  prediction  of  the  free  field  weapon 
environments.  This  is  accounted  for  in  Item  2 
of  Figure  2.  These  uncertainties  result  from 
both  the  imperfection  of  the  mathematical 
models  used  to  predict  the  weapons  environments 
and  from  data  uncertainties.  As  a  part  of  the 
environment  analysis,  estimates  of  these  un¬ 
certainties  are  made.  The  phenomenologist 
determines  a  range  about  the  nominal  value 
within  which  he  is  confident  that  the  true 
value  lies.  This  is  expressed  by  "K"  value. 

For  example,  if  K=2,  it  is  assumed  that  true 
value  lies  between  one-half  and  two  times  the 
nominal  value.  It  is  assumed  that  the  true 
value  for  the  weapon  effect  is  log-normally 
distributed  about  the  predicted  value  and  that 
the  interval  defined  by  the  "K"  factor  has  a 
width  of  plus  or  minus  two  standard  deviations. 
This  assumption  provides  the  basis  for  obtain¬ 
ing  the  diagonal  terms  in  a  covariance  matrix 
which  describes  the  uncertainty  in  the  weapon 
environment  predictions.  In  some  cases,  the 
uncertainty  in  two  weapon  environments  is 
correlated.  The  phenomenologist  provides  an 
estimate  of  the  degree  of  correlation  in  the 
form  of  a  correlation  coefficient.  This 
enables  the  off-diagonal  terms  in  the 
covariance  matrix  to  be  determined. 

SYSTEM  ANALYSIS 

The  preceding  discussion  has  been  con¬ 
cerned  with  the  procedure  for  generating  the 
data  necessary  to  predict  free  field  environ¬ 
ments.  In  addition,  a  procedure  to  develop  the 
system  response  is  performed.  The  start  of 
this  activity  is  represented  by  the  box  in 
Figure  2  below  the  environment  analysis  box. 

The  environments  considered  in  the  previ¬ 
ous  discussion  are  free  field  and  not 
necessarily  representative  of  internal  or  local 
environments  within  the  facility.  The  internal 
environment  may  be  attenuated,  for  example,  by 


shock  Isolation,  or  in  some  cases  even  ampli¬ 
fied.  For  each  weapon  effect,  a  transfer 
function  is  developed  based  upon  the  response 
characteristics  of  the  appropriate  subsystems 
(e.g.,  shock  isolation  subsystem).  Uncertainty 
in  the  transfer  function  is  recognized  and  is 
assumed  to  have  a  beta  distribution  unless  some 
other  frequency  function  is  considered  more 
valid.  As  with  the  free  field  environment  un¬ 
certainty,  a  "K"  factor  is  estimated  to 
describe  the  width  of  the  2  sigma  uncertainty 
band  about  the  transfer  function.  This  "K" 
factor,  together  with  the  transfer  function 
defines  the  beta  distribution  for  the 
uncertainty  in  the  transfer  function.  The 
transfer  functions  for  each  weapon  effect 
together  with  the  associated  un.'-rtainty  dis¬ 
tributions  provide  the  fifth  item  of  data  in 
Figure  1 . 

In  several  situations,  there  are  quite 
complex  transmissions  from  the  free  field  into 
the  system.  For  example,  electronics  may  be 
vulnerable  to  the  total  ionizing  radiation  dose 
which  could  be  due  to  free  field  neutrons, 
prompt  garmas,  secondary  gammas  and  captured 
gammas.  In  other  situations,  the  stress  in  a 
structure  may  be  due  to  the  air-induced  and 
outrunning  components  of  both  displacement  and 
velocity  because  of  significant  modal  response 
from  low-to-mid  frequencies.  In  these  situa¬ 
tions,  the  FAST  codes  allow  for  appropriate 
modeling  of  these  multiple  component  transfer 
functions. 

The  next  step  in  the  analysis  develops  the 
mathematical  models  for  the  system  response  to 
the  Internal  environment— Item  7  of  Figure  2. 

To  this  end,  the  system  Is  partitioned  Into 
functional  subsystems.  Based  upon  this,  a 
functional  network  for  the  system  Is  con¬ 
structed.  This  network  is  analogous  to  a 
reliability  network  for  a  system,  and  permits 
the  derivation  of  an  equation  giving  the  system 
probability  of  failure  as  a  function  of  the 
probability  of  failure  of  the  subsystems.  One 
difference  between  this  equation  and  a  system 
reliability  equation  is  that  in  the  case  of  the 
survivability  equation,  the  subsystem  probabili¬ 
ties  of  failure  enter  in  the  form  of  probability 
density  functions  rather  than  discrete  numbers.. 
The  system  probability  of  failure  equation  or 
diagram  constitutes  the  seventh  item  in  Figure 
2.  Another  versatility  of  the  FAST  codes  is 
the  fact  that  a  new  network  does  not  dictate  a 
new  code.  The  FAST  codes  have  a  compiling 
logic  which  writes  that  part  of  the  code  which 
represents  the  network  equations.  All  that  is 
necessary  as  input  to  FAST  is  a  simple  state¬ 
ment  of  what  things  are  in  series  and  parallel. 
Series  elements  are  a  sequence  of  things  all  of 
which  must  work  to  have  the  represented  func¬ 
tion  work;  parallel  elements  are  redundancies 
such  as  comnercial ,  standby  and  emergency 
power.  In  some  Instances,  a  given  component  or 
subsystem  may  appear  more  than  once  in  the 
system  network.  (For  example  the  guidance  and 
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control  system,  which  is  used  during  ignition 
of  each  stage).  The  FAST  codes  contain  appro¬ 
priate  logic  to  accommodate  such  networks. 

For  each  of  the  components  in  the  failure 
network,  vulnerabilities  or  fragilities  are  con¬ 
structed  to  represent  their  hardness.  There  may 
be  more  than  one  fragility  for  each  component  if 
they  are  vulnerable  to  more  than  a  single 
environment.  Thus,  a  piece  of  electronic  equip¬ 
ment  might  have  a  shock  and  vibration  fragility, 
a  nuclear  radiation  fragility  and  an  acoustic 
fragility.  The  fragilities  are  represented  by 
Item  6  of  Figure  2.  Fragilities  are  represented 
as  a  cumulative  probability  of  failure  of  the 
component  as  a  function  of  environment  level. 
Both  the  probability  of  failure  and  the  uncer¬ 
tainty  in  these  estimates  are  quantified. 

The  probabilities  account  for  known  physi¬ 
cal  variations  such  as  strength  of  materials, 
manufacturing  quality  and  construction 
tolerances.  In  some  cases  probability  can  also 
be  used  to  account  for  azimuthal  variations 
which  might  be  manifested  in  such  things  as 
nonsymmetric  shock  isolation  systems.  The  un¬ 
certainties  account  for  the  accuracy  of  the 
fragility  estimate.  The  uncertainty  may  be  due 
to  inaccuracies  in  an  analytic  model,  the  lack 
of  test  data  or  a  combination  of  the  two. 

It  should  be  noted  that  the  system  analyses 
to  derive  transfer  functions,  failure  network 
and  fragilities  can  be  carried  out  with  or 
without  an  extensive  data  base  on  the  particu¬ 
lar  weapon  system  of  inter°st. 

At  a  minimum,  expected  design  criteria 
values  for  these  parameters  could  be  assumed  to 
determine  the  expected  system  survivability  if 
all  requirements  are  met,  and  a  series  sensi¬ 
tivity  analysis  can  be  performed  to  determine 
the  Impact  of  not  meeting  or  changing  specific 
criteria.  However,  a  great  deal  is  known 
generically  about  transfer  functions  and 
fragilities  so  that  engineeting  estimates  can 
be  made  of  these  quantities  even  without  the 
completion  of  component  designs.  The  resulting 
analyses  give  a  great  deal  of  insight  as  to 
where  the  critical  vulnerabilities  of  a  system 
are  and  how  survivability  much  like  reliability 
can  be  allocated  to  either  maximize  survivabil¬ 
ity  or  minimize  cost. 

Thus,  the  data  required  for  the  F'.'ST  survi¬ 
vability  analyses  can  be  derived  for  a  Lvstem 
in  being,  one  being  designed  or  even  one\heing 
conceived. 

FAST  CALCULATIONS  \ 

The  seven  classes  of  data  discussed  above  '' 
provide  the  basis  for  computation  of  the  system 
failure  probability,  using  the  FAST  computer 
codes.  A  simplified  flow  for  this  calculation 
is  shown  on  the  right  in  Figure  2. 


The  first  step  in  the  calculation  involves 
scaling  of  the  mean  vector  of  free  field  weapon 
effects  (Item  4)  to  the  particular  yield  and 
range  under  consideration,  by  use  of  the  scaling 
laws  (Item  1).  This  vector  together  with  the 
uncertainty  covariance  matrix  (Item  2)  defines 
a  multivariate  distribution  for  the  uncertainty 
in  the  vector  of  predicted  weapon  effects.  From 
the  multivariate  distribution,  a  vector  is 
selected  at  random.  This  selected  vector  repre¬ 
sents  a  mean  weapon  environment  vector  taking 
Jnto  account  uncertainties  in  the  predicted  free 
field  environments  and  scaling  laws.  This 
vector  together  with  the  covariance  matrix  for 
the  variation  in  weapon  effects  due  to  variation 
in  physical  environment,  such  as  soil  properties 
(Item  3)  defines  a  multivariate  distribution 
for  the  weapon  effects  at  randomly  selected 
sites.  A  vector  is  then  selected  at  random  from 
this  distribution,  which  represents  a  free  field 
weapon  environment  at  a  specific  site  selected 
at  random. 

This  vector  of  free  field  weapon  environ¬ 
ments  is  then  modified  by  the  transfer  functions 
(Item  5)  to  obtain  a  vector  of  local  or  internal 
environments.  Transfer  function  uncertainty  is 
incorporated  into  this  procedure. 

The  elements  of  the  internal  environments 
vector  become  the  inputs  to  the  functional  sub¬ 
system  fragilities  (Item  6),  permitting  compu¬ 
tation  of  the  probability  of  failure  for  each 
of  the  functional  subsystems.  These  probabili¬ 
ties  are  random  in  the  sense  that  they  depend 
on  the  particular  combination  of  uncertain 
factors  selected  for  the  calculation.  As  with 
the  transfer  function,  uncertainty  in  the  func¬ 
tional  subsystem  fragilities  is  considered. 

Monte  Carlo  methods  are  used.  A  random  number 
is  drawn  for  each  functional  subsystem  in  order 
to  determine  the  probabilities  of  survival. 

The  outcomes  (in  the  form  of  probabilities 
of  survival)  are  inserted  into  the  system 
survival  equation  (Item  7)  in  order  to  determine 
the  probability  that  the  system  survives  for 
this  particular  Monte  Carlo  trial.  At  this 
point  in  the  computation,  the  outcome  for  a 
particular  randomly  selected  site,  survival  or 
failure,  has  been  determined.  This  calculation 
is  repeated  many  times,  using  the  inner  loop  in 
Figure  2  to  provide  an  accurate  estimate  of  the 
probability  of  failure  for  a  site.  Iteration 
within  this  loop  is  performed  to  ODtain  the 
expected  value  arising  from  probabilities  of 
hardness  parameters  such  as  variations  in  the 
hardnesses  of  components  due  to  differences  in 
the  manufacturing  processes.  This  is  in  con¬ 
trast  to  uncertainty  variations,  such  as  errors 
in  the  mathematical  modeling,  transfer  func¬ 
tions,  and  fragilities  which  will  apply  uni¬ 
formly  over  the  entire  force. 

Having  determined  the  system  probability 
of  failure  for  the  particular  combination  of 
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uncertainties,  the  process  is  repeated  many 
times  using  the  outer  loop  in  Figure  2.  Each 
time  the  outer  loop  is  exercised,  a  new  set  of 
uncertainty  factors  are  selected  at  random  from 
the  appropriate  distributions.  These  include: 

•  Free  field  weapon  environments  using  the 
multivariate  distribution  defined  by  the 
weapon  environment  mean  value  vector  and 
the  uncertainty  covariance  matrix. 

•  The  nominal  value  for  the  transfer  func¬ 
tions  together  with  the  associated  beta 
distributions. 

•  Functional  subsystem  fragilities  using 
the  nominal  fragility  together  with  the 
associated  beta  distribution  for  each 
functional  subsystem. 

Each  time  the  outer  loop  is  exercised,  a 
new  value  for  system  probability  for  failure  is 
obtained,  each  of  these  values  reflecting  a 
different  set  of  uncertainty  factors  resulting 
from  randomization  of  the  uncertainties.  As 
the  number  of  probabilities  obtained  by  exer¬ 
cising  the  outer  loop  increases,  a  distribution 
of  these  values  is  built  up.  This  process  is 
continued  until  enough  data  has  been  collected 
so  that  the  median  of  the  distribution  can  be 
estimated  accurately.. 

To  derive  the  complete  median  or  other 
"certainty"  level  of  probability  of  system 
survival  versus  range  curves,  the  program  is 
run  for  other  ranges  and  yields  and  the  curve 
of  interest  is  drawn  through  the  median  or 
other  percentage  points  of  the  above 
distributions. 

SUMMARY  AND  CONCLUSIONS 

This  paper  has  described  a  statistical 
approach  to  the  evaluation  of  the  failure  of 
complex  systems  which  was  developed  at  the  TRW 
Systems  Croup.  The  approach  provides  a  stan¬ 
dardized  format  for  treatment  of  the  many 
factors  important  to  evaluation  of  system  hard¬ 
ness.  The  methodology  treats  the  propagation 
of  the  weapon  effects  from  the  exploding  weapon 
to  the  vicinity  of  the  facility,  transmission 
of  the  effects  into  the  facility  taking  into 
account  modification  of  the  effects  by  shock 
isolation  or  other  protective  equipment,  and 
response  of  the  system  in  terms  of  the  proba¬ 
bility  of  component  failure  due  to  the  weapon 
induced  environments.  The  components  probabil¬ 
ities  of  failure  are  then  combined  by  means  of 
system  failure  network  logic  to  obtain  the 
system  probability  of  failure. 

One  of  the  innovations  involved  in  the 
approach  is  the  treatment  of  uncertainty  in  the 
inputs  and  mathematical  models.  Estimates  of 
these  uncertainties  are  included  in  the  inputs 
and  their  influence  is  displayed  in  the  form  of 
a  distribution  of  the  system  failure  probability 


The  me-.hodology  has  been  employed  for  the 
assessment  of  the  hardness  of  existing  systems 
as  well  as  for  planning  purposes.  In  the  late** 
case,  the  methodology  has  been  used  to  evaluate 
alternative  approaches  to  hardening  the  system 
to  enable  identification  of  the  most  cost 
effective  alternatives. 
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FRAGILITY  TESTING  FOR  HYDRAULIC  SURGE  EFFECTS 
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Hydraulic  pressure  pulses  are  Induced  in  all  fluid  lines;  such  as  water, 
fuel,  brine,  etc.;  of  a  structure  or  facility  that  is  subjected  to  tran¬ 
sient  motions  as  a  result  of  the  ground  shock  associated  with  a  weapon 
attack.  These  pulses  propagate  through  the  plumbing  system  and  impinge 
upon  the  various  components  attached  thereto.  A  test  was  devised  to 
subject  various  subsystems  to  hydraulic  pressure  pulses  simulating  that 
which  would  occur  due  to  the  ground  motions  in  order  to  establish  the 
failure  levels  of  various  components  to  this  effect.  This  paper  describes 
the  components  tested,  derivation  of  the  test  pressure  pulse,  test  pro¬ 
cedure,  and  the  test  results. 


INTRODUCTION 

The  system  tested  was  composed  of  a  liquid 
cooler,  a  heat  exchanger  for  electronic  equip¬ 
ment,  and  various  storage  tanks  and  intercon¬ 
necting  hoses.  Portions  of  the  cooling  system 
were  •■Igldly  mounted  to  a  wall  of  an  equipment 
room,  and  portions  were  shock  isolated  as 
shown  in  Figure  1.  Pressure  pulses  are  induced 
In  the  tanks  and  plumbing  due  to  the  accelera¬ 
tion  of  the  equipment  room  during  an  attack 
and  these  pulses  are  propagated  throughout  the 
cooling  system.  In  order  to  determine  the 
hardness  of  cooling  system  components  to  the 
shock,  a  test  was  devised  to  simulate  the 
induced  pressure  pulses  for  various  levels  of 
ground  shock. 

The  waveform  and  magnitude  of  the  pressure 
pulses  were  determined  from  calculations  based 
on  the  predicted  motions  of  the  equipment  room 
and  from  measurements  taken  during  previous 
field  tests.  The  pulses  were  defined  for  an 
Interface  point  some  distance  away  from  the 
test  specimens.  From  this  interface,  the 
plumbing  and  hardware  represented  field 
installation. 

The  heat  exchanger  and  the  liquid  cooler 
were  the  pressure  sensitive  subsystems. 


Because  of  the  large  spacial  separations 
between  the  heat  exchanger  and  the  liquid 
cooler,  the  coupling  of  the  hydraulic  tran¬ 
sients  between  the  two  units  was  assumed  small 
and,  therefore,  each  subsystem  was  tested 
independently.  The  test  consisted  of  simulta¬ 
neously  inducing  a  given  test  pressure  pulse 
into  each  hose  leading  to  the  subsystem,  start¬ 
ing  at  a  pressure  level  well  below  its  antici¬ 
pated  capability  and  increasing  monotonically 
in  pressure  level  until  a  failure  of  a  com¬ 
ponent  occurred.  Components  were  visually 
and,  if  necessary,  functionally  inspected  after 
each  test  to  identify  component  failures. 

The  heat  exchanger  subsystem  controlled 
the  temperature  for  four  major  components  such 
as  a  computer,  diode  block,  controller,  and 
connector  which  were  connected  in  series  wit.i 
medium  pressure  teflon  hoses  as  shown  in 
Figures  2  and  3.  Two  3/8-inch  diameter  low 
pressure  hoses  service  the  subsystem  which  was 
located  15  feet  from  the  interface  where  the 
test  pressure  pulse  input  was  defined  for  the 
test.  The  liquid  cooler  subsystem  consisted 
of  two  impeller  pumps,  a  filter,  a  modulating 
valve,  and  a  chiller  which  were  interconnected 
with  medium  pressure  hoses  as  shown  on 
Figures  4  and  5.  Two  3/8-inch  diameter  and 
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one  5/8-inch  diameter  low  pressure  rubber  hoses 
service  this  unit  which  was  jcated  6  feet  from 
the  interface  where  the  tes  jressure  pulse  was 
defined  for  the  liquid  cooler  test. 

Four  heat  exchanger  sets  and  two  liquid 
coolers  were  tested  until  failure  occurred. 
Pressure  time  histories  were  recorded  at  sev¬ 
eral  points  within  the  units  and  were  corre¬ 
lated  with  component  failure  to  aid  in 
evaluating  the  system  fragility  in  terms  of 
ground  shock  level. 

The  pressure  pulses  were  generated  by 
dropping  a  weight  on  the  piston  of  a  hydraulic 
jack.  By  varying  such  parameters  as  drop 
height  and  weight,  stiffness  of  crushable 
material  between  the  drop  weight  and  jack  and 
piston  travel,  it  was  possible  to  calibrate 
the  pulse  generator  to  consistently  reproduce 
the  test  pressure  pulses  for  each  level. 

DERIVATION  OF  TEST  PRESSURE  PULSE 

Hydraulic  pressure  pulses  are  generated  In 
the  hardmounted  tanks  and  rubber  hoses  of  the 
cooling  system  shown  in  Figure  1  when  the 
equipment  room  is  accelerated  by  the  ground 
shock.  Rather  than  subject  the  entire  hard- 
mounted  plumbing  system  to  the  ground  shock 
environment.  It  was  obviously  more  desirable 
and  economical  to  duplicate  the  hydraulic 
pressure  pulse  by  other  techniques.  In  order 
to  accomplish  this  it  was  necessary  to  deter¬ 
mine  a  realistic  test  pressure  pulse  waveform. 
To  minimize  the  number  of  tests,  a  single  test 
pulse  was  developed  for  a  given  ground  shock 
level  that  represented  the  most  critical  pres¬ 
sure  pulse  that  could  be  generated. 

The  pressure  pulse  generated  In  the  hard- 
mounted  tank  was  assumed  to  be  described  by 
the  short  pipe  equation  for  a  closed  end  pipe, 
that  Is 

P  *  2  p  a  £  (1) 

where 

P  -  Peak  pressure  in  the  tank 

o  -  Density  of  fluid  In  the  tank 

£  -  Length  of  tank 

a  -  Step  acceleration  applied  to  tanks 

For  a  given  ground  shock  level,  the  accel¬ 
eration  of  the  equipment  room  was  determined 
from  analysis  and  previous  full-scale  tests. 
Because  the  tanks  were  rigidly  attached  to  the 
wall,  the  accelerations  associated  with  the 
high  frequency  environment  were  used  in 
Equation  (1)  to  determine  the  peak  pressure 
generated  In  the  tank.  Since  the  pressure 
pulse  definition  desired  was  at  the  point  of 
the  hard/shock  mounted  Interface,  It  was  nec¬ 
essary  to  account  for  the  modification  of  the 
pressure  pulse  in  traveling  to  that  point. 
Preliminary  tests  revealed  that  for  the  pres¬ 
sures  propagating  through  the  rubber  hoses, 


the  wave  speed  was  reduced  as  shown  In 
Figure  6;  the  peak  pressure  was  attenuated  by 
about  2  percent  per  foot  as  shown  In  Figure  7; 
and  the  rise  time  to  peak  pressure  increased 
from  about  2  ms  to  9  ms.  Thus,  the  contribu¬ 
tion  to  the  peak  pressure  ac  the  point  of  test 
pulse  definition  from  the  tank  consisted  of  the 
sum  of  the  pressures  calculated  by  Equation  (1) 
for  both  the  vertical  and  horizontal  components 
of  acceleration,  reduced  by  an  Impedance  factor 
in  going  from  the  tank  to  the  hcse,  and  further 
reduced  by  an  attenuation  factor  of  2  percent 
per  foot  while  traveling  from  the  tank  to  the 
point  of  test  pulse  definition.  Pressure 
pulses  are  also  generated  by  motions  of  the 
hoses  mounted  to  the  wall  or  floor  at  points 
where  bends  or  discontinuities  exist.  Since 
only  900  bends  existed  In  the  rubber  hose 
plumbing,  the  pressure  equation  for  each 
straight  segment  of  rubber  hose  hardmounted 
was  assumed  to  be 

P  =  p  a  £  (2) 

The  acceleration  In  this  case  was  assumed 
to  be  the  rigid  body  acceleration  of  the  facil¬ 
ity  because  the  low  frequency  response  of  the 
rubber  hose  mounts.  The  contribution  to  the 
pressure  at  the  point  of  the  test  pulse  defini¬ 
tion  from  each  straight  segment  of  the  hard- 
mounted  rubber  hose  was  calculated  using 
Equation  (2)  and  then  attenuated  by  2  percent 
per  foot  while  traveling  to  the  point  of  test 
pulse  definition. 

All  sources  contributing  to  the  pressure 
at  the  point  of  the  test  pulse  definition  where 
sunned  together  for  the  combined  vertical  and 
horizontal  ground  shock  to  define  the  peak 
pressure  for  the  triangular  test  pressure  pulse 
shown  In  Figure  8.  Rise  time  to  the  peak  pres¬ 
sure  was  determined  from  the  transient  time 
from  the  first  90°  bend  In  the  hose  to  the 
point  of  test  pulse  definition  and  the  total 
pulse  duration  was  evaluated  from  the  duration 
of  the  rigid  body  acceleration  of  the  equip¬ 
ment  room. 

TEST  PULSE  GENERATOR 

The  pressure  pulse  generator,  shown  sche¬ 
matically  In  Figure  3  and  In  the  photograph 
of  Figure  9,  was  used  to  generate  the  test 
pressure  pulses  defined  above.  It  consisted  of 
a  150  to  350  pound  weight  with  a  maximum  drop 
height  of  7  feet.  The  weight  drops  on  the 
piston  of  a  hydraulic  jack  having  about  a  6-1 nch 
stroke.  A  7/8-1nch  diameter  piston  was  used 
for  the  heat  exchanger  tests,  but  increased 
volume  requirements  for  the  s.multaneous  pro¬ 
duction  of  three  pressure  pulses  In  the  liquid 
cooler  (one  for  each  line  to  the  test  specimen) 
required  a  1%-inch  diameter  piston  for  the 
lower  pressures  and  a  2>s-1nch  diameter  piston 
for  the  higher  pressures.  Additional  plumbing 
was  used  for  bleeding,  filling,  static  pres¬ 
sure  checking  of  the  system,  and  smoothing  out 
the  generated  pressure  pulse. 
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Rise  time  of  the  pressure  pulse  was  con¬ 
trolled  by  placing  appropriately  shaped  styro¬ 
foam  (density  of  1  pound  per  cubic  foot) 
between  the  jack  piston  and  the  drop  weight. 

Peak  pressure  was  controlled  by  the  drop  height 
and  total  piston  stroke,  while  pressure  pulse 
decay  was  primarily  a  function  of  stiffness  of 
the  weight  arresting  material  (1  pound  per 
cubic  foot  styrofoam).  Additional  tailoring 
of  the  pressure  pulse  was  achieved  by  varying 
the  length  of  rubber  hose  between  the  hydraulic 
jack  and  the  point  of  pressure  pulse  definition. 

Prior  to  testing,  the  pulse  generators 
were  calibrated  by  Inserting  hoses  of  suffi¬ 
cient  length  that  end  reflections  did  not 
influence  the  generated  pulse.  Typical  corre¬ 
lations  of  the  generated  and  calculated 
pressure  pulse  Is  shown  by  Figure  8.  For  a 
given  setup  the  repeatability  of  the  pulse 
generator  was  within  +8  percent  on  the  peak 
pressures. 

TEST  PROCEDURE 

The  pulse  generator  was  first  calibrated 
as  described  above.  It  was  then  connected  to 
the  pressure  hoses  leading  to  a  given  test 
specimen  at  the  subsystem  hard/shock-mounted 
interface  with  the  cooling  system.  The  test 
specimen  was  then  shocked,  starting  at  the  low¬ 
est  test  pressure  pulse,  and  monotonlcally 
Increased  In  shock  level  until  a  structural  or 
functional  failure  occurred. 

A  hydrostatic  pressure  test  was  conducted 
before  and  after  each  shock  to  check  for  leak¬ 
age  In  the  test  specimen.  In  addition,  visual, 
and  where  necessary,  functional  checks  were 
conducted  after  each  shock  level  to  determine 
If  a  failure  had  occurred. 

Pressure  transducers  were  used  to  measure 
the  Input  pressure  pulse  out  of  the  generator 
and  the  Internal  pressures  In  the  subsystems. 

TEST  RESULTS 

Preliminary  Impulse  tests  were  conducted 
to  determine  the  effect  of  bends  in  the  rubber 
and  teflon  hoses  on  the  pressure  pulse  propaga¬ 
tion.  This  was  accomplished  by  measuring  the 
Input  and  output  pressures  first  of  a  straight 
section  of  rubber  hose  and  then  repeating  the 
same  pressure  pulse  with  4  to  5  complete  coils 
with  a  number  of  short  curvature  bends. 

Results  of  the  twc  tests  were  nearly  Identical 
confirming  that  It  was  not  necessary  to  dupli¬ 
cate  the  actual  hose  routing  for  the  shock 
tests. 

Extreme  care  was  required  in  bleeding  the 
air  out  of  test  specimen  and  pulse  generator. 

A  small  amount  of  air  In  the  test  setup 
resulted  in  erratic  pressure  measurements, 
generally  In  the  form  of  shorter  rise  time  to 
peak  pressure  and  reduced  peak  pressures. 


Failures  of  the  four  sets  of  heat 
exchanger  components  occurred  In  the  soldered 
connection  of  the  cover  plate  In  the  controller 
manifold  and  the  epoxled  connection  of  a 
1/8- Inch  thick  aluminum  cover  plate  on  the  com¬ 
puter  shown  In  Figure  10.  Failures  were  easily 
Identified  by  visual  observation  of  the  leak¬ 
age  and  sudden  drop  of  pressure  on  the  pressure 
time  history  plots.  One  of  the  computer  cover 
plates  which  did  not  fall  during  the  impulse 
tests  failed  at  about  one-half  the  peak  impulse 
pressures  under  a  static  pressure  test.  No 
leaks  occurred  In  the  quick  disconnects  of  the 
teflon  hoses  or  the  connector  during  the  pres¬ 
sure  pulse  tests. 

It  was  useful  to  compare  the  pressure 
time  histories  measured  in  the  heat  exchanger 
subsystem  to  that  which  would  occur  In  a 
simple  linear  system  made  up  of  a  long  rigid 
pipe  with  the  test  pulse  input  at  each  end  of 
the  pipe.  The  peak  pressures  at  the  center  of 
this  system  would  exactly  double  peak  Input 
pressure  at  each  end.  As  shown  on  Figure  11, 
this  phenomena  occurred  at  the  approximate  cen¬ 
ter  of  the  test  specimen.  This  was  surprising 
since  20  to  30  percent  attenuation  of  the  test 
Input  pulse  was  anticipated  In  traveling 
through  15  feet  of  rubber  hose  to  the  test 
specimen  in  addition  to  attenuation  due  to 
energy  losses  in  the  test  specimen.  Apparently 
there  was  an  effective  Increase  in  impedance  in 
going  from  the  rubber  hose  to  the  test  speci¬ 
men  which  resulted  In  an  increase  in  pressure 
at  the  Interior  of  the  test  specimen. 

Except  for  failures  due  to  slippage  of  a 
set  screw  of  the  DC  pump  impeller  seal  shown 
on  Figure  12,  the  liquid  cooler  withstood  the 
maximum  output  of  the  2^-lnch  diameter  piston 
pulse  generator  with  only  minor  leaks  at  the  AC 
pump  gasket  during  the  pressure  pulse  test. 
Since  there  was  no  specification  on  the  set 
screw  torque  requirements.  It  was  decided  to 
evaluate  the  fragility  level  as  a  function  of 
the  DC  pump  set  screw  torque  and  then  deter¬ 
mine  the  set  screw  torques  of  the  DC  pumps  in 
the  field  from  a  statistical  sample. 

Peak  pressures  measured  in  the  vicinHy 
of  the  DC  pump  during  the  Impulse  tests  were 
plotted  as  a  function  of  set  screw  torques  on 
Figure  13  along  with  results  from  static  pres¬ 
sure  tests. 

CONCLUSIONS 

The  fragility  test  procedure.  Implementa¬ 
tion,  and  data  acquisition  was  of  sufficient 
detail  and  accuracy  to  establish  the  fragility 
level  of  the  cooling  system  for  hydraulic 
pressure  pulses. 
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Figure  1.  Schematic  of  Cooling  System 


Figure  2.  Photograph  of  Heat  Exchanger  Subsystem 
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ATTENUATION  OF  PEAK  PRESSURE  -  PERCEil 
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GROUND  SHOCK  LEVEL 


[>  COMPUTER  FAILED 


•  TEST  ARTICLE  #1 

x  TEST  ARTICLE  *  2 


PEAK  INTERNAL  PRESSURE  AT  THE  COMPUTER 

Figure  II.  Internal  Pressure  Magnification  in  the 
Heat  Exchanger 


Figure  12.  Photograph  of  DC  Pump  Retainer  Seal 
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3tT  SCREW  TORQUE  IN-LB 


Figure  13.  Peak  Internal  Pressure  Versus  Set  Screw  Torque 
at  Failure  of  the  DC  Pump 


DISCUSSION 


Mr.  Safford  (TRW  Systems,  Chairman):-  Thank 
you  very  much.  I  think  one  of  the  things  we  are 
trying  to  stress  here  Is  the  unanticipated,  particularly 
in  tests.  Some  of  these  failures  are  just  silly,  and 
they  are  very  embarrassing,  but  you  do  not  know 
until  you  make  the  test.  Often  when  you  do  find  them, 
you  can  easily  rectify  them.  This  test  program  was 
of  substantial  economic  benefit  to  the  Air  Force,  it 
permitted  the  Air  Force  to  make  a  very  good  decision 
on  a  very  sound  basis. 

(The  following  remarks  were  made  by  G.  K. 
Dahmen,  USAF  Space  and  Missile  Systems  Organiza¬ 
tion,  who  was  co-chairman  of  the  session  on  which 
the  preceding  six  papers  were  presented, ) 


In  my  field  I  am  vividly  aware  of  the  fact  that 
we  get  into  a  gray  area  whenever  we  even  mention 
the  word  fragility.  Questions  that  bother*  me  are:- 
what  is  the  signature  sensitivity  of  the  item  we  are 
talking  about:  what  is  the  test  pulse— the  input  pulse, 
is  it  valid,  what  are  the  criteria,  how  do  you  define 
the  criteria?  What  is  the  effect  of  using  single-axis 
tests  when  you  know  in  real  life  the  items  are  going 
to  get  a  multiple-axis  signature.  Well,  this  goes  on 
and  on  and  on,  and  I  think  today,  this  session  has 
really  indicated  some  very  significant  factors  and 
considerations  with  regard  to  fragilitv  testing  and 
the  definition  of  fragility.  So,  to  sum  it  up,  I  think 
it  is  a  wide  open  field  and  we  have  reallv  only 
scratched  the  surface. 


INITIAL  DESIGN  CONSIDERING  STATISTICAL 
FRAGILITY  ASSESSMENT 


Richard  L.  Grant 
The  Boeing  Co. 
Seattle,  Wash. 


The  discussions  of  this  paper  are  largely  philosophical,  dealing  with  an  approach 
to  a  pattern  of  technical  confidence  for  a  program  of  Research  and  Development. 
The  program  Is  concerned  with  development  of  shock  Isolation  and  equipment  for 
underground  nuclear  attack  resistant  weapon  systems.  The  program  developed 
over  the  past  two  years,  recognized  the  complexity  of  the  overall  task  of  shock 
Isolation  and  the  technology  advances  which  had  been  made  In  the  past  12  to 
15  years.  It  also,  however,  recognized  the  uncertainties  extant  In  the  areas  of 
high  frequency  transmlsslblllty,  the  influence  of  the  structural  and  mechanical 
details  on  transmlsslblllty,  the  potential  for  signature  sens!  tlvity  of  equipment 
and  the  need  to  cope  with  these  areas  In  assessment  of  the  weapons  system 
effectiveness. 

The  desire  to  do  the  best  possible  job  of  shock  Isolation  is  clearly  not  a  new 
one.  The  requirements  for  statistical  assessment  either  before,  during  or  after 
the  system  Is  designed  and  built  are  relatively  new;  especially  In  ‘eons  of  the 
scope  and  depth  of  the  assessments  which  results  from  Increased  sophistication 
of  analysis  techniques  and  from  the  multiplicity  of  environments  which  must  be 
considered.  In  these  ways  the  statistical  approach  to  fragility  and  the  Impact 
on  the  assessment  differ  from  the  normal  reliability  approach  to  the  problem  and 
warrant  special  consideration  In  the  early  conceptual  and  Initial  design  phases. 


INTRODUCTION 

The  discussion  herein  treats  the  Initial  design  problem 
both  from  the  standpoint  of  conceptual  activities  and 
from  the  standpoint  of  benefit  derived  during  the 
actual  design  of  hardware. 

The  mast  popular  and  practical  means  of  providing 
shock  isolation  for  critical  equipment  while  also 
providing  relatively  easy  access  for  checkout  and 
maintenance  is  the  shock  Isolated  floor.  This  results 
In  a  folly  compact  aggregate  of  several  different 
kinds  and  types  of  equipment.  It  generally  results 
in  some  degree  of  assymetry  due  to  different  equipment 
and  due  to  the  configuration  of  the  facility  housing 
the  systems.  The  system  then  consists  of  shock  Isola¬ 
tors  (sometimes  of  slightly  different  design  and  dynamic 
characteristics),  a  fairly  stiff  and  usually  structurally 
complex  floor,  a  number  of  more  or  less  flexible 
elements  from  the  facility  to  the  floor  (cables,  conduits, 
hoses,  etc.)  and  finally  a  complement  of  equipment 
(usually  housed  In  some  kind  of  cabinet  structure) . 

For  example,  an  underground  hardened  system  with  a 


shock  Isolated  floor  is  configured  as  shown  in  Figure  1 . 

The  difficulty  in  proceeding  with  a  program  for  shock 
Isolation  systems,to  present  the  best  possible  fragility 
picture  to  the  ultimate  assessment,  is  perhaps  highlighted 
by  looking  at  the  two  extreme  cases;  1)  the  program 
could  be  Initiated  to  develop  equipment  with  such 
high  capability  that  no  isolation  is  required;  or  that 
what  Isolation  Is  ecslly  attained,  is  merely  excess 
capability  or  2)  the  program  could  b?  initiated  to 
develop  shock  isolation  capability  such  that  the  least 
capable  off-the-shelf  equipment  couid  easily  survive. 
Disregarding  o  number  of  other  practical  considerations 
not  related  to  shock  and  vibration  fragility,  the  input 
dynamic  environment  criteria  for  nuclear  attack  is  so 
severe  as  to  render  the  first  case  technically  impractical 
for  most  delicate  electronic  equipment  and  the  second 
ease  technically  difficult  and  economically  impractical. 
Therefore,  the  burden  of  providing  a  high  capability  to 
withstand  the  shock  and  vibration  environment  must  be 
split  reasonably  between  the  isolation  capability  and 
the  equipment  tolerance  for  the  isolated  environments. 
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In  order  to  better  understand  the  overall  dynamic  be¬ 
havior  of  shock  Isolation  system  dements.  The  Hoeing 
Company  conducted  a  comprehensive  program  of  testing 
and  analysis.  This  paper  In  Intended  to  describe  some  of 
the  motivation  for  this  program  and  to  explain  how  It 
fits  Into  the  goals  of  the  statistical  hardness  assessment 
of  the  weapon  system.  A  summary  description  of  the 
test  and  analysts  program  Is  also  contained  herein. 

DETERMINATION  OF  FRAGILITY 

Now  consider  the  requirements  to  determine  the  fragility 
of  this  system  and  to  Incorporate  the  fragility  Information 
Into  a  statistical  assessment  of  the  composite  system. 

STRUCTURAL  ELEMENTS 

Basically  the  capability  of  structural  elements  of  the 
system  may  be  described  by  fairly  straight  forward 
structural  dynamic  analysis.  The  capability  to  perform 
the  Intended  function  In  the  presence  of  a  dynamic 
environment  ts  generally  only  limited  by  physical 
distress  or  yielding  of  tho  structural  materials. 

Solution  of  the  equations  of  motion  for  the  system 
Including  only  the  basic  flexibilities  and  finite  element 
analysts  of  support  structure  are  generally  adequate  to 
permit  description  of  the  loads,  stresses  and  strains  In 
the  structural  elements. 

The  fragility  of  the  structural  system  may  then  be 
derived  as  a  function  of  any  desired  Input  parameters 
by  performing  the  analysts  enough  times  to  establish 


the  trends  In  the  loads.  The  probability  of  failure 
(Pp)  may  be  determined  by  prescribing  an  allowable 
range  for  the  structural  materials  and  relating  these  to 
the  loads  as  a  function  of  the  Input  variables. 

The  only  nuclear  weapon  effect  requiring  consideration 
Is  ground  shock.  But  consider  the  relationships  which 
may  enter  the  solution  of  the  fragility.  Due  to  siting 
media,  differences  In  weapon  yield  and  distance  to  the 
detonation  point,  the  Isolation  system  may  be  subject 
to  a  large  range  of  displacements.  This  range  of 
displacements  may  occur  with  a  large  range  of  maximum 
velocities  and  accelerations  and  the  Input  may  be' 
applied  at  any  azimuth.  The  fragility  data  cannot  be 
presented  as  unique,  single  valued  parameter  relations 
but  must  consider  all  the  dependent  variables. 

Fortunately  the  structural  fragility  of  the  Isolation 
systems  are  generally  not  much  affected  by  variations 
In  maximum  acceleration  so  that  a  family  of  curves  such 
as  shown  In  Figure  2 a  may  be  developed. 

Since  the  systems  ore  fairly  linear  In  the  range  of 
Ihterest  for  the  structural  fragility,  the  azimuth  sensi¬ 
tivity  can  generally  be  described  in  terms  of  a  factor 
to  be  applied  to  the  above  Pp  curve.  The  Pp  curve 
may  then  be  displaced  to  ther right  or  left  byr an  anount 
as  indicated  In  Figure  2b. 

Information  of  the  type  shown  above  con  be  derive**  -t 
any  point  In  the  design  activity.  The  accuracy  will, 
of  course,  depend  or  the  extent  of  the  design  tnformo- 
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FIGURE  2a 


FIGURE  2b 


tlon  and  how  wall  the  Input  motion  data  represent*  the 
final  requirement).  Clearly,  the  design  should  strive 
to  make  the  system  fragility  as  Insensitive  as  possible 
to  Input  motion  variations  or  should  result  In  P.  curves 
so  far  to  the  right  as  to  moke  then  Insignificant  In  the 
assessment. 

Since  weight  limitations  are  not  severe  and  since  this 
portion  of  the  system  exists  only  to  enhance  the  survt- 
vabtllty  of  the  remainder  of  the  essential  equipment.  It 
Is  possible  to  design  these  structures  with  adequate 
excess  capability.  A  much  less  straight  forward  deter¬ 
mination  is  associated  with  the  structural  elements  In 
their  competence  as  Isolation  elements  and  the  Influence 
of  the  load  path  In  establishing  the  character  of  the 
dynamic  environment  at  the  essential  equipment  Items. 

SHOCK  ISOLATION  ELEMENTS 

Figures  3  and  4  show  a  collection  of  actual  test  results. 
These  data  are  shown  as  the  ratio  of  the  output  end 
acceleration  response  spectra  to  the  Input  response 
spectra.  There  Is  no  Intent  to  defend  these  as  true 
measures  of  transmlsslblllty  and  obviously  they  should 
be  normal  I  Ized  to  the  first  response  mode  frequency 
for  comparison.  However,  It  ts  not  Intended  that  the 
numbers  be  useful.  The  point  Is  to  show  that  even  the 
very  good  Isolators  such  as  the  liquid  spring  or  the 
foams,  do  not  behave  as  Ideal  massless  isolators  but 
rather  exhibit  higher  mode  responses  of  their  own 
structure  as  well  as  Introducing  environments  due  ro  the 
Internal  operation  of  their  physical,  material  or  design 
characteristics. 

The  precise  nature  of  the  entire  frequency  domain 
environment  transmitted  through  or  generated  by  the 
shock  Isolation  Is  extremely  dependent  on  the  detailed 
design.  The  variation  of  environments  with  input  are 
seldom  linear  and  the  variation  with  isolation  element 
physical  and  geometric  parameters  are  also  not  usually 
linear.  However,  Insight  into  the  most  desirable 
features  for  incorporation  into  the  design  can  be 
derived  empirically  from  test  data.  At  the  outset  of 
the  program  addressed  in  this  paper  very  little  data  was 
available  as  a  guide  in  this  area.  More  Importantly 
perhaps  the  guidance  to  effective  design  should  be 
concerned  with  things  to  avoid  as  known  problem  areas. 

FLOOR  AND  SUPPORT  STRUCTURE  ELEMENTS 

Figure  5  shows  some  actual  test  data  obtained  for  floor 
structures  subjected  to  a  transient  dynamic  environment. 
As  noted  above,  the  shock  isolation  elements  do 
transmit  high  frequency  environment  .o  the  floors.  The 
floors  and  support  structure  do  not,  in  general,  attenuate 
these  environments  but  rather  modify  the  character  of 
the  environment  and  may  introduce  secondary  environ¬ 
ments  due  to  local  resonances,  joint  configuration  and 
mechanical  interfaces.  These  structures  also  tend  to  be 
non-linear  with  respect  to  input  and  physical  variables. 
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FIGURE  3 
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litre  again  the  design  process  can  benefit  from  empi¬ 
rical  information  indicating  desirable  design  features 
and  things  to  avoid. 

EQUIPMENT  ELEMENTS 

As  previously  mentioned  the  complement  of  equipment 
found  on  the  shock  isolated  floor  is  made  up  of  a  num¬ 
ber  of  different  kinds  and  types.  Electronic  equipment 
predominates  but  a  number  of  mechanical  items  rind 
mechanical/electrical  items  are  also  Included.  Each 
of  these  Items  possess  more  or  less  unique  characteristics 
which  lead  to  different  fragility  levels  for  the  differ¬ 
ent  Items.  The  failure  modes  are  different  as  arc 
failure  levels  and  the  frequency  domain  sensitivity  is 
also  different.  In  the  above  sense  the  equipment 
exhibits  the  classical  examples  of  dynamic  environment 
signature  sensitivity.  An  example  of  this  behavior  from 
actual  test  data  Is  shown  In  Figures  6a  and  6b. 

Figure  6a  depicts  a  case  where  a  transient  vibration 
input  which  produced  a  flat  response  spectrum  caused 
the  first  failure  of  an  equipment  item  to  be  a  capaci¬ 
tor  and  Its  bracket.  A  transient  vibration  input  which 
produced  the  variable  response  spectrum, caused  the 
first  failure  of  an  identical  equipment  to  be  a  circuit 
breaker.  Figure  6b  depicts  a  case  where  Identical 
transient  vibration  pulses  were  Input  to  the  same 
equipment  except  that  the  frequency  was  Increasing 
with  time  in  the  first  case  and  decreasing  with  time  in 
the  second.  At  a  specific  level,  the  first  case  did 
not  produce  failure,  the  second  did. 


FIGURE  6a 


FIGURE  6b 

IMPACT  ON  ASSESSMENT 

Ideally,  one  must  account  for  all  the  dynamic  environ¬ 
ments  In  the  assessment.  As  shown  in  Figure  7,  acoust 
and  systematic  air  pressure  pulses  enter  the  picture  In 
addition  to  the  shock  and  vibration  environment.  This 
not  only  places  the  added  burden  on  the  assessment  of 
deriving  equipment  fragility  to  these  environments,  but 
also  requires  that  the  appropriate  set  of  shock  and 
vibration  environments  be  combined  with  a  consistent 
set  of  acoustic  and  pressure  environments. 

This,  of  course,  introduces  another  set  of  variables 
requiring  definition  of  the  interactions.  In  addition, 
the  input  now  requires  consideration  not  only  of 
displacement  and  velocity,  but  acceleration  as  well. 
These  data  must  then  also  be  placed  in  the  frequency 
domain,  but  this  will  be  discussed  iater. 

Assume  for  the  moment  that  single  valued  descriptions 
of  the  fragility  con  be  mode;  then  the  fragility  curves 
as  shown  in  Figure  8  could  be  generated.  These 
sketches  depict  the  fragility  curves  for  all  the  funda¬ 
mental  parameters.  If  these  were  uniquely  attainable, 
then  it  is  still  necessary  to  describe  each  parameter  In 
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FIGURE  7 
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TYPICAL  PROBABILITY  OF  FAILURE  PARAMETRIC  CONSIDERATIONS 
FIGURE 


FIGURE  8b 


163 
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FIGURE  9 


farm  of  the  other  so  that  a  three  dimensional  surface 
such  as  Figure  8b  might  be  developed  for  purposes  of 
assessment.  This  would  then  permit  all  the  degrees  of 
freedom  In  the  statistical  analysis  to  be  utilized. 
Finally  consider  Figure  9  where  the  frequency  dtmen- 
wton  has  been  added.  The  extreme  complexity  of  the 
evaluation  with  this  dimension  added  to  the  concepts 
of  Figure  8  Is  obvious. 

The  above  discussions  are  addressed  to  highlight  the 
desirability  of  approaching  the  design  of  any  new 
shock  Isolated  system  with  the  goal  of  making  the 
system  either  insensatlve  to  several  of  the  input 
parameters,  or  so  capable  that  simplifying  assumptions 
will  not  significantly  impact  the  assessment. 

TRANSMISSIBILITY  TEST  PROGRAM 

Understanding  the  benefits  to  be  derived  In  terms  of 
increased  capability  to  withstand  attack  and  the  de¬ 
sired  simplification  of  the  assessment  It  was  clear  that 
attention  to  the  higher  frequency  characteristics  of  a 
shock  isolation  system  could  enhance  the  strategic 
value  of  a  hardened  weapon  system.  Following  exten¬ 
sive  literature  searches  it  was  evident  that  little  infor¬ 
mation  was  avntlablo  which  could  guide  the  analyst 


and  designer  In  the  choice  of  elements  and  detailed 
design  to  minimize  the  Impact  of  high  frequency  dyna¬ 
mic  environments. 

Following  the  literature  searches  the  previously  mention¬ 
ed  test  and  analysis  program  Identified  as  the  Concept 
Development  Transmlsslblllty  program  was  planned  and 
Initiated. 

TEST  PROGRAM  PHILOSOPHY 

Three  specific  goals  for  the  Concept  Development 
Transmlsslblllty  test  program,  were  as  follows: 

(1)  Provide  a  basis  for  comparison  of  alternate 
media  and  a  figure  of  merit  which  can  be 
assigned  for  trade  studies.  Early  ellmlna- 
flonof  materials  or  concepts  with  unde¬ 
sirable  characteristics  will  result. 

(2)  Provide  Information  indicating  the  influ¬ 
ence  of  design  details  on  system  performance 
and  provide  Insight  Into  the  depth  to 
which  isolation  parameters  need  be  known 
for  meaningful  analysis  in  support  of 
concept  selection. 


164 


HIGH  FREQUENCY  TRANSMISSIBILITY  TEST  AND  ANALYSIS 


ISOLATION 

TYPE 

CONFIGURATION 

TEST  CONDITION 

ELEMENT 

NO. 

VARIABLE 

VARIABLE 

TYPE 

DIRECTION 

Foam 

MM 

Materials 

Load-Deflection 

Compression 

Densities 

4  Preloads 

Shear 

pi 

Vibration 

Tension/Compression 

Shear 

1 

Materials 

Shock 

Tension/Compression 

2831 

Densities 

8  Preloads 

Shear 

Elastomers 

3 

Materials 

Shock 

1 

5 

Durometers 

3  Preloads 

iERfllfelHHH 

Cables 

4 

Materials 

3  Preloads 

Shock 

Vertical 

2 

Diameters 

Horizontal 

3 

Lengths 

Liquid  Isolators 

2 

3  Fluid  Types 

Shock 

Vertical 

3  Fluid  Vlscoscltles 

4  Damping  Designs 

5  Chamber  Volumes 

2  Piston  Areas 

3  Mountings 

4  Preloads 

Horizontal 

Dual  Chamber 
20  KIPS 

3  Fluid  Vlscoscltles 

Vibration 

Longitudinal 

3  Preloads 

Load-Deflection 

Vertical 

Shock 
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(3)  Provide  emplrlcol  data  and  Improved  tech¬ 
niques  for  the  pradtctlon  of  Isolation  system 
dynamic  environment  and  required  equlp- 
mant  capability, 

TEST  PROGRAM  SUMMARY  DESCRIPTION 

Tha  program  was  pastured  to  look  carefully  at  Indivi¬ 
dual  elements  and  configurations  which  waro  candidates 
for  Inclusion  In  mast  practical  designs  of  shock  Isolation. 
Figure  11  depicts  the  variables  which  have  been  Invest¬ 
igated  and  the  types  of  tests  performed.  The  data  from 
these  tests  were  reduced  In  a  variety  of  ways,  trying  to 
anticipate  a  number  of  potential  uses.  As  appropriate, 
time  histories,  x-y  plots,  shock  spectra,  Fourier  spectra, 


Fourier  Transfer  Functions  and  filtered  signatures  were 
constructed. 

In  each  case,  analysis  was  performed  to  attempt 
correlation  with  test  results  In  the  basic  and  low  mode 
flexible  operating  regimes.  The  depth  and  form  of  the 
analysis  varies  for  the  different  elements  depending  on 
the  confidence  In  the  ability  to  analyze  and  the  inter¬ 
est  in  the  particular  elements^*  the  program  evolved. 

The  anolysis  served  two  purposes  1)  to  estimate  confidence 
In  the  system  analysis  validity  and  2)  to  indicate  the 
regime  beyond  which  empirical  results  would  have  to  be 
accepted. 
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DISCUSSION 


Mr.  1'slu‘lman  (IIT  Itoscareh  jnstituto) :■  I  was 
purtu-ulurlv  mti-ivMi-il  m  thoTragility  curve  which 
mca.surc.s  failure,  the  one  with  probability  versus 
lro<|iienr\  versus  acceleration,  \eIocitv  and  dis¬ 
placement.  Did  \ou  sa\  that  vou  do  not  know  which 
one—  veloeitv .  displacement  or  acceleration— Is  the 
measure  ol  failure,  or  arc  volt  saving  it  is  different 
tor  diflerent  components  ? 

Mr.  (Irani  •  The  latter.  The  particular  element 
of  the  environment  to  which  it  is  sensitive  varies 
w  pit  the  piece  of  equipment.  It  varies  with  the  par¬ 
ticular  isolation  element  and  the  other  system  param¬ 
eters  involved, 

Mr.  I.'shelman:  You  sav  vou  cannot  use  one 
measure.  The  ISO  uses  velocity  as  their  figure  of 
merit  for  tailure  but  that  is  a  different  situation, 
In-cause  it  is  a  long  time  fatigue  failure  type  of  thing, 
where  tour's  is  a  short  time-duration  type  of 
tailure', 

Mr.  < irant :  Verv  true. 

Mr.  Kshelinan.  You  showed  some  high  fre- 
<iuencv  characteristics  with  the  liquid  spring.  Do 
vou  have  anv  idea  whether  they  came  from  the  fluid 
or  from  the  structure  that  contains  the  fluid? 

Air.  (Irani  •-  Yes,  Ido.  The  fluid  column  effects 
in  the  liquid  spring  tests  are  almost  entirely  indis¬ 


tinguishable,  The  other  elements  of  the  liquid 
spring,  in  this  case  a  less  general  or  more  specific 
liquid  spring,  are  the  ones  that  control  these  high 
frequency  environments.  Elements  such  as  damper 
valves  are  generally  discreet  operating  items  that 
open  and  close,  and  they  cause  their  own  internal 
environment.  Seals  on  liquid  springs  are  of  different 
designs  for  different  liquid  springs.  The  stiffer 
ones  transmit  well.  We  ran  some  vibration  tests  on 
a  liquid  spring  and  of  course  as  long  as  you  do  not 
break  friction  a  liquid  spring  does  not  behave  as  an 
isolator.  It  behaves  simply  as  another  structural 
element  and  very  linearly  I  might  add.  Very  little 
of  the  environment  for  the  liquid  spring  is  directly 
transmitted  under  the  normal  shock  approximation 
of  the  environment.  However,  unfortunately,  the 
characteristics  of  our  greund  shock  environment  at 
the  input  to  the  liquid  spring  are  such  that,  before 
it  can  start  to  get  out  of  its  own  way,  the  sealing 
starts  to  transmit  high  amplitude,  high  frequency 
oscillatory  inputs  through  the  spring  before  friction 
is  overcome,  and  therefore  it  is  not  really  acting  as 
an  isolator.  Once  friction  is  broken,  it  goes  into  its 
low  frequency  normal  operation,  and  becomes  an 
excellent  isolator.  None  that  we  have  tested  recently 
are  better. 

Mr.  Eshelman:  Did  you  do  any  work  on  pneu¬ 
matic  springs  ? 

Mr.  Grant:  Very  little. 
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Over  the  years,  standard  industry  requirements  have  specified  slow  sine  sweep 
or  random  vibration  testing  for  development  and  qualification  testing  of 
electronic  equipment.  Several  simulated  nuckor  tests  of  large  shock  isolated 
subsystems  determined  that  these  requirement:  ./ere  overly  severe,  not  from 
an  amplitude  standpoint,  but  rather  from  the  du'/iion  of  environment  as  related 
to  expected  nuclear  attack  considerations.  The  problem  was  that  long  dura¬ 
tion  testing  ge  aerated  responses  of  high  Q  responding  systems  much  greater  than 
the  short  duration  "real  world"  environment  would  allow.  The  full  scale 
simulated  nuclear  response  environments  were  generalized  by  shack  spectra 
techniques,  and  a  transient  vibration  pulse  developed  to  meet  the  resulting 
shock  spectra  criteria.  These  results,  along  with  generalized  considerations 
of  development  of  a  transient  vibration  test  pulse  are  presented  here. 


INTRODUCTION 

This  paper  summarizes  the  past  five  yean  of  development 
of  a  transient  test  technique  and  Its  evolution  with 
expanded  knowledge  of  the  real  world  response  of  a 
shock  Isolated  subsystem  to  a  nuclear  attack  environ¬ 
ment.  A  considerable  amount  of  data  gathered  In  this 
time  period  substantiated  the  technology  concern  that 
slow  sine  sweep  testing  has  little  applicability  to 
verification  of  the  ability  of  an  equipment  design  to 
survive  a  nuclear  attack  environment.  It  has  always 
been  understood  that  the  nuclear  blastwave  Itself  Is 
transient:  That  a  hardened  facilities  response  would 
then  also  be  transient,  and  finally,  that  the  equipment 
shock  isolated  within  this  facility  would  also  be 
sub{ected  to  a  transient  environment  not  at  al  I  consis¬ 
tent  with  a  slow  sine  sweep  environment.  Ho  “ev  -r, 
the  general  resumption  of  beneficial  conservatism  as 
well  as  relt  ce  upon  existing  specifications  for  testing 
of  Air  Force  qualified  equipment  led  to  the  continued 
use  of  the  slow  sine  sweep  test.  As  a  practical  matter 
this  was  a  perfectly  acceptable  approach  in  lieu  of 
specific  knowledge  of  the  environment,  and  as  long  as 
no  undue  penalty  was  Imposed  on  the  equipment 
particularly  to  the  extent  that  signature  sensitivity  did 
not  become  important. 

This  paper  discusses  the  relative  damage  potential  of 
variaous  classes  of  environments  in  terms  of  shock  spec¬ 
tra.  In  tuin,  the  rationale  for  development  of  shock 
spectra  criteria  for  shock  Isolated  equipment  is  present¬ 


ed,  and  finally  the  development  of  a  transient  test 
pulse  which  satisfies  the  criteria  is  shown.  Practical 
usage  of  the  technique  using  various  control  techniques 
Is  summarized. 

BACKGROUND 

The  arguments  for  and  against  using  shock  spectra 
techniques  for  measuring  damage  potential  to  electronic 
equipment  are  many,  varied  and  fundamentally  too 
often  discussed  to  repeat  here.  Basically,  the  authors 
feel  that  the  variations  of  predicted  weapons  effects, 
the  free  field  response,  the  facility  response  as  well 
as  the  shock  isolated  subsystem  responses  negate  any 
reasonable  considerations  to  a  more  precise  method  of 
assessment  of  the  design  requirement  for  the  shock 
isolated  element.  Shock  spectra  techniques  fall  short 
of  a  precise  definition  of  the  real  world  environment, 
but  so  also  do  the  sources  of  the  environment  fall  short 
of  yielding  a  precise  and  predictable  real  world 
definition.  No  further  defense  is  offered. 

In  further  consideration  of  damage  potential,  It  is 
first  necessary  to  consider  the  fundamental  response  of 
single  degree  of  freedom  oscillator  to  sinusoidal  ex¬ 
citation  at  its  resonant  frequency. 

For  the  single  degree  of  freedom  oscillator  response  to 
sinusoidal  excitation  at  its  natural  frequency,  and  for 
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light  damping  (t.e.  4Q^^>1.0),  the  following 
equation  Is  given. 

Xr=aX.6-ew/‘3tas4U  P> 

Since  the  excitation  Is  at  the  osclllutor  natural  fre¬ 
quency,  then 

Uni*Z\r£t*2ftfot*2ftn  (2) 

where  N  Is  the  number  of  cycles  Impressed  on  the 
oscillator  In  the  time  period  0  to  t.  Allowing  equation 
(1)  to  be  maximized,  we  have 

Xr-aXo('-e'ffN/a)  o) 

which  when  considering  the  ratio  of  oscillator  response 
acceleration  to  the  Input  acceleration  appeal*  as 

AO 

Terms:  j 

Q  3  I  Damping  quality  factor 

£  3  The  percent  of  critical  damping 

N  3  Number  of  sinusoidal  cycles 

W  3  Oscillator  natural  circular 
frequency 


X  3  Input  peak  acceleration 

».a 

X  3  Oscillator  response  peak 
acceleration 
t  3  time 

Thus  It  Is  seen  that  the  oscillator  ratio  of  response  to 
Input  acceleration  for  sinusoidal  excitation  Is  a 
function  only  of  the  number  of  cycles  of  Impressed 
motion  (N)  and  the  oscillator  damping  (Q). 

A  plot  of  Equation  (4)  for  various  values  of  Q  Is 
shown  In  Figure  1 . 

Now,  using  Figure  I,  a  second  graph  Is  derived  which 
qualitatively  classifies  the  kinds  of  environments 
considered  In  terms  of  their  effect  of  the  single  degree 
of  freedom  oscillator  response. 

Referring  to  Figure  I,  It  Is  seen  that  for  very  small 
values  of  N  (N=l/2,  simple  half  sine  excitation)  the 
oscillator  response  ratio  Is  virtually  Independent  of  Q. 
For  large  values  cf  N,  the  oscillator  response  becomes 
Independent  of  N  and  dependent  only  on  the  value  of 
Q.  For  all  cases  within  these  limits,  the  response 
ratio  Is  a  function  of  both  N  and  Q.  It  Is  this  class 
that  I*  termed  the  region  of  transient  vibration.  Figure 
II  depicts  this  classification  of  environments. 


FIGURE  I 

OSCILLATOR  RESPONSE  TO  SINUSOIDAL  BASE  MOTION 
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As  was  mentioned,  a  considerable  amount  of  data  has 
been  gathered  which  was  utilised  to  derive  a  transient 
test  criteria  of  shock  Isolated  equipment.  This  data 
resulted  from  tests  of  single  coll  spring  type  Isolators, 
dual -Isolator  tests  with  beam  segment  floor  simulation, 
and  full  scale  high  explosive  simulation  technique  tests 
of  hardened  facilities.  Data  from  these  tests  were 
usually  reduced  to  shock  spectra  for  two  different 
damping  values:  Usually  J 's  of  10%  and  2%  (Q=5 
and  25  respectively)  were  used  In  these  shock  spectra 
ana.yses.  A  typical  example  Is  shown  In  Figure  III. 


It  Is  this  type  of  data  in  conjunction  with  the  approaches 
defined  by  Figures  I  and  II  that  were  used  to  develop 
the  test  criteria.  Inspection  of  Figure  III  leads  to 
several  observations.  Specifically,  at  some  frequencies 
the  ratio  of  a  Q-25  oscillator  response  to  a  Q=5 
oscillator  approaches  the  maximum  of  5.0.  This  is  the 
"near  sustained"  condition  as  depicted  In  Figure  II. 

At  other  frequencies,  the  ratio  of  Q=25  to  Q35  oscillator 
response  approaches  1.0,  or  the  "Impulse  region"  as 
shown  In  Figure  II. 


FIGURE  II 

CLASSIFICATION  OF  ENVIRONMENTS 


FIGURE  III 

TYPICAL  ISOLATION  SYSTEM  TEST  SHOCK  SPECTRA  (EXAMPLE) 
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FREQUENCY,  CPS 


FIGURE  IV 

RATIO  OF  Q=25  TO  Q=5  SHOCK  SPECTRA  (Example) 


FIGURE  V 


ORIGINAL  TRANSIENT  TEST  CRITERIA 


By  ratioing  fhe  Q=25  response  to  Q=5  response  as  a 
function  of  frequency,  the  graph  shown  in  Figure  IV  is 
derived. 

Th>s  was  the  final  step  towards  the  development  of  the 
original  transient  test  criteria.  The  amplitude  shock 
spectra  were  enveloped  to  develop  the  amplitude  criteria. 
The  ratio  of  Q=25/Q=5  oscillator  responses  were 
enveloped  to  derive  the  transient  condition  (or  class) 
to  be  met.  The  results  were  presented  as  shown  by 
Figure  V. 

It  was  this  criteria  that  led  to  the  development  of  the 
first  transient  test  poises  by  Boeing.  Other  variations 
have  since  been  considered  a;  are  summarized  later. 

TECHNICAL  APPROACH 
Given  the  definition  now  of  the  class  of  transient 
vibration  criteria,  it  was  necessrry  to  decide  if  a 
quasi-random  or  systematic  test  pulse  definition  would 
best  meet  the  criteria.  The  most  impo-tant  factor  in 
the  choice  of  method  was  the  fact  that  the  nominal 


spectrum  criteria  established  a  fixed  ratio  between  Q=*25 
and  Q=5  oscillator  responses.  Specifically,  ail  Q=25 
oscillators  were  to  respond  to  2.0  times  the  Q=5 
oscillator  response.  What  this  implied  was  that  every 
oscillator  in  the  frequency  domain  of  the  test  criteria 
must  see  exactly  the  same  number  of  cycles.-  In  the 
time  domain,  the  dumped  oscillator  if  subjected  to  a 
quasi-random  environment  would  alternately  reach 
peaks  and  dampen  out  as  the  frequencies  of  the  quasi¬ 
random  pulse  were  at  or  near  the  oscillators  natural 
frequency.  Controlling  the  response  amplitude  of 
Q=25  oscillators  to  Q=5  oscillator  responses  did  not 
seem  feasible  with  a  quasi-random  approach.  Thus, 
the  systematic  test  pulse  approach  was  selected.  This 
permitted  development  of  analytical  analyses  which 
wouid  approach  the  desired  realism  and  also  afford  the 
opportunity  for  a  more  exact  engineering  evaluation  of 
observed  results.  The  development  of  these  concepts  is 
expanded  as  follows. 

The  requirement  was  to  develop  the  analytical  express- 
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ion  for  on  acceleration  puis*  shich  wouid  generate  the 
desired  shock  spectrum  responses  as  s  pad  f  lad  by  the 
established  crttarla.  The  ganaral  form  of  tha  expression 
was  salactad  as 

x(tMsin[e(0]  (5) 

Rapaating  aquation  (4)  hare 


It  Is  reitaratad  that  tha  single  dagraa  of  fraadom  oscilla¬ 
tors  rasponsa  is  i  function  only  of  tha  numbers  of  cycles 
of  Impressed  motion  (N)  and  the  oscillators  damping 
(Q).  Thus,  the  ratio  of  response  for  two  oscillators 
with  the  same  natural  frequency,  but  different  values 
of  damping  may  be  expi 

Qg 

^rt  Qi 

It  Is  seen  then  that  to  control  the  responses  of  oscillators 
with  different  damping  to  be  a  specified  ratio  depends 
only  on  the  value  of  N.  Further,  since  the  above 
expression  holds  for  all  oscillators  independent  from 
their  natural  frequency,  the  N  must  be  constant  for  all 
oscillators  in  the  frequency  domain  to  maintain  a 
constant  value  for  the  ratio  R.  This  background  allows 
us  to  proceed  to  the  development  of  the  sine  function 
argument,  8(t). 


ressed  as  follows: 

_  --mN/a2y 


B 


(6) 


The  specific  requirements  for  the  transient  pulse  Imply 
that  It  contains  all  frequencies  within  the  specified 
range  of  frequencies  of  the  criteria.  That  is  to  say,  tha 
argument  0(t)  must  have  both  first  and  second  deriva¬ 
tives  defined  as  follows: 


2TTf  (t) 

at 


(7a) 


(7b) 


If  all  the  frequencies  in  the  time  domain  t|  and  tf  can 
be  assumed  to  act  at  the  center  frequency  fj ,  then  we 
can  establish  the  effective  number  of  cycles,  N,  In  the 
elapsed  time  At]  =  (tf  -  t|). 

(8) 

At  another  time  t  »  tj,  the  same  thing  may  be  found 

N'-fj  At  2  W 

and  since  we  have  established  that  N'must  be  constant 
for  all  frequecles  in  the  domain,  we  may  consider  At2 
to  be  fixed  by 

At  2=  7^  (9a) 

Now,  by  determining  the  difference  in  elapsed  times 
Atf  and  At2  required  to  generate  the  same  number  of 
cycles,  nK,  at  canter  frequencies  f-j  and  f2,  the  change 
in  elapsed  ttme  as  n  function  of  center  frequency  is 
found. 

Afc=tetrAti)=  -N'fe "  i: )  (io) 


lr  is  understood  now  thct  the  transient  pulse  must  yield 
the  same  results  as  a  multitude  of  Individual  sinusoidal 
forcing  functions  applied  at  the  natural  frequencies  of 
an  ensemble  of  single  degree  of  freedom  oscillators. 
The  term,  N*  Is  introduced  to  represent  the  pseudo 
number  of  t  •'nslent  test  cycles  Impressed  in  the  band- 
wtdth  of  a  resonant  oscillator. 

We  must  assume  that  the  function  f(t)  above  is  continu¬ 
ous  In  the  time  domain  from  t  to  t.  Thus,  the  instan¬ 
taneous  frequency  at  time  t=>t] ,  will  be  f]  and  at  a 
different  time  t=t2,  the  Instantaneous  frequency  will 
be  fj.  If  the  assumption  that  f(t)  is  continuous  holds, 
then  we  may  consider  a  small  At  in  time  before  and 
after  t^  and  establish  the  instantaneous  frequencies  of 
these  times.  This  may  also  be  done  at  time  t2-  Figure 
VI  illustrates  this  approach. 


The  plus  or  minus  sign  Is  necessary  since  it  is  not  known 
whether  Ate  is  larger  or  smaller  that  At] .  We  may 
write  the  above  expression  as 


and 


<i  TZ 

At  f,  f- 


NlA£, 


(10a) 


(10b) 


where  the  expression  is  negative  if  fj  is  less  than  f2 
(Increasing  frequency)  and  positive  if  fj  is  greater  than 
f2  (decreasing  frequency). 


in  the  limit 

At—  dt 


(ID 
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--*■  jf 

u,  f2 


(id 


so  that  the  above  expression  may  be  written  as 

‘  dt-  -  N  Afr 


(12) 


Given  the  form  of  the  equation  for  a  transient  pulse,  It 
Is  still  necessary  to  develop  the  values  to  be  used  In 
Input  for  the  parameters  of  the  equation.  Specifically, 
the  values  of  N,  X0  and  the  starting  and  final  frequen¬ 
cies  must  be  selected. 


To  find  then  an  expression  for  the  Instantaneous  fre¬ 
quency,  It  Is  necessary  to  Integrate  the  above  expres¬ 
sion  and  establish  boundary  conditions. 


Thus 


dt*!  N 


df 

71 


(131 


t  -y-jf  Increailng  frequency  03a) 

t  '  ~  F  ^*cf*®'n9  fr*Pu»ncy  (13b) 


where  f0  Is  In  each  case  the  starting  frequency  of  the 
sweep . 


The  authors  developed  emplrlcol  relationships  for  deri¬ 
vation  of  these  parameters.  Some  recent  work  within 
Boeing  has  used  a  more  classical  approach  for  solution 
of  the  parameters  In  the  transient  pulse  equation.  This 
work  Is  not  presented  here,  but  It  Is  hoped  that  It  may 
be  presented  In  the  future. 

The  selection  of  the  values  of  X  and  N'are  Interrelated 
unilaterally.  That  Is,  the  value” of  X  is  a  function  of 
N7  ,  but  the  value  of  N*  Is  dependent  only  on  the  ratio 
between  the  two  shock  spectra  with  different  damping 
values,  and  not  a  function  of  the  pulse  amplitude,  X  . 
Therefore,  we  will  develop  a  selection  criteria  for 
first,  and  leave  Xq  and  the  frequency  range  to  follow. 


Solving  the  above  expression  for  frequency,  f, 


T" 

fo 

~r;r- 

n7 

Increasing  frequency 

(14a) 

r 

r- 

_ 

i  +■ 

decreeing  frequency 

(14b) 

TP 


It  is  now  simply  a  matter  of  Integrating  these  expressions 
to  find  the  sine  function  argument,  9(t) 


c  t 


CV  '  -  L 


'  \  r  dt 


N' 


(15a) 


)  increasing  frequency  (15b) 


lO,, 

\  ' '  ■  ,  *• 


'  -<•  v  '''"•c*  ~t  J  decreasing  frequency  (15c) 


Thus,  the  complete  expressions  for  the  transient  pulses 
become: 

v:  *.\0  iNi  (i6a) 

for  increasing  frequency 


,  '  r 

o  —  »  4.1=1.  ; 

/  -m  A-y  </j 


(16b) 


for  decreasing  frequency 


A  number  of  shock  spectra  analyses  were  performed  for 
transient  pulses  with  a  unit  value  for  X  and  a  set  of 
values  of  N'  .  Spectra  analyses  were  performed  for 
oscillator  damping  values  of  2%  ond  10%  of  critical, 
or  Q's  of  25  and  5.  Figure  VII  shows  the  results  In 
terms  of  the  ratio  of  Q=25  oscillator  response  to  Q=5 
oscillator  response  as  a  function  of  N7  .  This  curve  may 
be  used  directly  then  to  select  a  value  of  N7  for  any 
specified  ratio  of  Q=25  to  Q=5  oscillator  response. 

The  results  of  the  shock  spectra  analyses  were  dso  pre¬ 
sented  In  a  second  manner.  Specifically,  the  amgjlfl- 
catton  of  a  Q=5  oscillator  to  the  input  amplitude  X 
is  plotted  as  a  function  of  N  .  This  Is  shown  in 
Figure  VIII.  Thus  after  selecting  N7  from  the  spectrum 
ratio  criteria,  the  amplification  of  a  Q35  oscillator  Is 
found  from  Figure  VIII  as  a  function  of  the  selected  N7. 
Given  the  criteria  amplitude  for  the  Q=5  spectrum,  the 
value  of  Xq  may  be  selected. 

Finally,  the  frequency  range  of  the  transient  pulse  must 
be  selected.  It  is  the  nature  of  the  transient  pulse  that 
the  resonant  oscillators  are  affected  by  the  frequencies 
proceeding  and  following  the  center  frequency  of  the 
oscillator.  There  Is  a  resonant  build  up  and  decay  as 
the  transient  pulse  sweeps  through  the  oscillators  reson¬ 
ant  frequency.  Thus,  the  established  criteria  spectrum's 
end  frequecies  cannot  coincide  with  the  starting  and 
final  frequencies  of  the  transient  pulse.  The  empirical 
relationship  defined  for  selecting  the  pulse  end  frequen¬ 
cies  is  os  follows.  Given  the  end  frequencies  of  the 
shock  spectrum  criteria,  extend  the  transient  pulse 
frequencies  to  25%  below  the  lower  spectrum  frequency 
and  25%  above  the  upper  spectrum  frequency. 
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Using  these  three  empirical  relationships,  the  following 
example  is  given  for  selecting  the  transient  pulse 


Using  th«  criteria  shown  In  the  backgound  statements 
(Q=5  spectrum  nominal  of  22  g's:  Ratio  of  Q=25/Q=5 
spectrum  n  2.0:  Spectrum  end  frequencies  of  8  and 
2C00  eps)  a  value  of  Nx  of  10  Is  selected  from  Figure 
VII  to  provide  the  spectrum  ratio  of  2,0.  Figure  VIII 
Is  then  used  to  determine  that  the  Q=5  oscillator  f 
amplifies  the  Input  acceleration  4.25  times  for  a  N 
of  10.  Thus,  dividing  the  nominal  Q=5  spectrum 
value  of  22  g  by  the  amplification  of  a  Q=5  oscillator 
of  4.25  yields  a  pulse  amplitude  of  +  5.1  g's.  Using 
the  empirical  rule  for  end  frequencies,  the  pulse 
should  cover  the  range  from  6  to  2500  cps.  The  total 
transient  pulse  definition  then  becomes 

it  =  5.1  sin  i(i0«zTT)  ln[i +-  (17) 

and  the  time  required  to  traverse  the  frequency  range 
from  6  to  2500  cps  Is 

<,8a> 

I-&63  seconds  (18b) 

This  pulse  and  the  resulting  shock  spectra  are  shown 
In  Figure  IX. 

The  use  of  the  developed  test  pulse  In  equipment  test¬ 
ing  has  taken  two  approaches.  Originally,  the  pulse 
with  the  specified  parameters  was  generated  by  an 
analog  computer  and  recorded  on  FM  tape.  This  tape 
was  then  played  through  a  set  of  passive  filters  and 
then  to  the  power  amplifier  at  a  shaker  system.  The 
system  was  equalized  by  trial  and  error  by  pulsing  the 
system,  computing  the  shaker  output  shock  spectrum, 
adjusting  the  passive  ft  Iters,  and  re-runnlng  until 
adequate  equalization  was  obtained. 

More  recently,  the  pulse  has  been  generated  solely  by 
digital  computer,  and  test  system  equalization  and 
control  performed  by  using  a  dlgltul  transient  wave¬ 
form  control  system  (ref.  1) .  This  system  uses  Fourier 
Transform  and  convolution  techniques  to  derive  a 
synthesized  waveform  which  when  played  through  the 
shaker  system  yields  a  shaker  output  very  closely 
approximating  the  desired  transient  waveform.  This 
system  effect'vely  performs  the  shaker  system  equali¬ 
zation  automatically. 

Eloments  tested  have  included  electronic  equipment 
racks  up  to  1200  pounds  in  weight,  and  other 
ulectrical  equipment  weighing  over  2000  pounds. 

The  results  of  the  testing  using  the  transient  test  pulse 
and  the  evaluations  relative  *o  the  ability  of  the 
equipment  to  survive  nuclear  attack  have  been, 
overall,  very  successful. 

Variations  to  the  basic  pulse  defined  above  have  since 
been  developed  and  used  for  equipment  tests.  These 
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Include  programming  a  variable  pulse  amolitude  to 
achieve  shock  spectra  with  variable  amplitudes,  and 
programming  a  variable  value  for  N/  to  achieve  shock 
spectra  with  a  variable  ratio  of  Q=25  to  Q=5  oscillator 
responses.  The  development  of  these  variations  has 
not  been  reported  here,  but  were  fairly  straight 
forward.  A  later  paper  could  be  written  to  report  on 
these  and  other  developments. 

CONCLUSIONS 

A  more  realistic  environment  to  simulate  the  expected 
response  of  o  shock  Isolated  subsystem  to  nuclear 
attack  has  been  formulated.  The  result  is  a  more 
precise  definition  of  the  equipment  fragility  and 
ultimately,  a  better  definition  of  overall  system  survi¬ 
val.  The  transient  test  technique  is  a  straight  forward 
and  reasonable  alternative  to  slow  sine  sweep  tests  for 
equipment  Intended  to  be  located  in  a  hardened 
facility. 
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DISCUSSION 


Mr,  Schell  (Shock  and  Vibration  Information 
Center)-  Would  vo’i  comment  on  the  tv|x-  of  environ¬ 
ment  and  the  durations  of  the  transients  being 
simulated  '* 

Mr.  Crum:-  They  are  generally  extremely 
short,  I  eannot  lx;  specific  without  getting  classified, 
but  we  do  have  environments  which  are  long  In 
duration  relative  to  the  low  frequency  response  of 
the  system.  We  have  environments  of  very  short 
duration,  for  example,  when  an  isolator  tops  out 
against  a  can.  As  a  practical  matter,  when  we  are 
testing  the  equipment,  »e  apply  the  pulse  a  pre¬ 
scribed  number  of  times  so  we  achieve  a  total  test 
time  in  excess  of  the  1.  0  seconds  it  would  take  for 
one  pulse. 

Mr.  Duel  (Motorola):  What  rationale  did  you 
use  tochoose  a  ratio  oTlwo  between  the  Q  of  23  and 
of  3  oscillator  ? 

Mr.  Crum:  This  was  developed  based  on  the 
measured  responses  of  the  shock  isolation  tests  that 
were  performed.  Specifically,  we  took  measured 
shock  spectra  of  Q  of  25  and  Q  of  5  values,  per¬ 
formed  the  ratio,  plotted  it  as  a  function  of  frequency 
and  then  enveloped  this,  or  selected  a  nominal  of 
these  data. 

Mr,  Keith  (Kaman  Sciences)  You  referenced  a 
paper  by  Favour  in  which  he  used  a  shaker  and 
Fourier  transform  techniques  and  had  quite  good 
success  in  actually  reproducing  these  transient 
pulses.  I  am  curious  as  to  why  you  went  back  to  this 
sine  sweep  technique  when  you  could  actually  re¬ 
produce  a  pulse  ? 

Mr.  Grant:  I  will  field  that  one.  One  of  the 
points  which  I  made  previously  that  deserves  some 


attention  here,  perhaps,  is  that  the  transient 
character  of  the  pulse  is  not  single  valued.  It  de¬ 
pends  on  the  input,  on  the  peculiarities  of  the  shock 
isolation  system,  on  where  the  equipment  is  sitting  on 
the  floor,  on  how  it  is  mounted  and  on  the  particular 
equipment  item  itself.  On  that  basis,  if  we  could 
uniquely  describe  it,  there  would  be  as  many  dif¬ 
ferent  transient  pulses  to  simulate  as  there  are 
pieces  of  equipment,  locations  on  the  floor,  and 
type 8  of  shock  isolation  systems.  In  this  sense,  we 
had  to  use  some  expedient  to  approximate  all  those 
environments  and  come  up  with  something  that  was 
more  or  less  standard  to  be  applied  across  all  the 
systems  we  were  testing. 

Mr.  Schell:  I  think  there  is  also  another 
reason.  You  also  have  a  shock  spectrum  specifica¬ 
tion  to  meet  for  these  items,  do  you  not? 

Mr.  Grant:  On  the  input,  not  necessarily  on  the 
response.  We  never  really  had  criteria  on  the 
equipment  itself  except  for  design  goal  purposes. 

As  it  turned  out  it  was  specified  as  a  shock  spectrum. 
However,  it  did  not  have  associated  with  it  any  nec¬ 
essary  transient  qualities. 

Mr.  Safford:  I  think  several  years  ago  at  a 
Shock  and  Vibration  Symposium,  Warren  Painter, 
Lockheed  Company,  developed  a  complex  time- 
history  transient  in  a  paper*  to  which  you  might 
wish  to  refer.  He  was  trying  to  simulate  pyrotechnic 
shock,  but  you  could  still  run  into  the  problems  that 
Dick  discussed  for  multiple  environments  and  trans¬ 
mission  paths. 


♦Editors  note:  Shock  and  Vibration  Bulletin  33,  Part 
3,  p85,  March  1964. 


